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FOREVORD 
The Annual Vorkshop of the IIASA-Project on Computer Integrated 
Itanufacturing (CIN) was held in Stuttgart, PBG, from 18-28 July, 1988. 
This was the second in the series of annual ~ e t i n g s  after the Ivalo 
(Finland) workshop in 1987. The co-host of the workshop in Stuttgart 
was Professor B.-J. Varnecke of the Fraunhofer Institute of Production 
Technology and Autoaation. It was co-sponsored by Carnegie-Nellon 
University, USA, and the Japanese Committee for IIASA. The aim of the 
workshop was to analyze technological trends, diffusion patterns, and 
economic and social impacts of CIH as well as to review the work 
accomplished by IIASA and its collaborators. 
The workshop was attended by 52 participants from 18 countries and 
3 international organizations (OECD, BCB, UBIW). A total of 24 
presentations were delivered, including 3 keynote presentations by 
Prof. Varnecke (PBG) , Dr. Kozar (CSSR), and Prof. J a i m r  (USA). 
Prior to the Stuttgart Vorkshop, the CIH Project had a small 
expert meting in Prague, CSSR, co-hosted by the Research Institute for 
Hechanical Engineering and Production Economy (VUSTE) and the Central 
Research Institute for Technological and Economic Information (UVTEI) 
of the CSSR. This meeting was devoted to technological trends in CIH 
and to forecasting future applications of CIX technologies. It was 
supported by a Delphi-style questionnaire, which was answered by 14 
experts from 9 countries. The results of the Prague workshop and the 
Delphi study are reflected in some papers presented in Stuttgart by 
I IASA. 
This volul~e combines the Proceedings of the two workshops, 
presenting the key papers of each of them. The papers are organized in 
the following way: 
Part 1 consists of the three keynote papers presented at the 
Stuttgart workshop. 
Part 2 consists of papers which describe technological and basic 
economic factors of CIN applications and diffusion. 
Part 3 deals with the diffusion trends, employment and other 
macroeconomic impacts of CIN technologies. 
Finally, the fourth part addresses mnagerial and organizational 
impacts of CIH technologies. 
Prof. F. Schmidt-Bleek Prof. J. Ranta 
Program Leader Project Leader 
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Proiect aims 
The integration of information technology into industrial development and manufacturing is a 
worldwide phenomenon, the technical and economic effects of which are of great importance for 
the continued development and competitivity of production technology in Germany. Work is un- 
derway in this area in all corners of the globe. Functional hardware and software components with 
integrated production facilities are already available, improved hardware and software (databases, 
networks) allow existing separate solutions to be linked together. The result is, 
- a shorter reaction time to changes in the product, equipment and customer requirements 
- a higher degree of complexity in production without the partly artificial and time consuming 
division into production stages caused by the limited scheduling capabilities prevailing at present 
- a more efficient use of the machines through better planning and supervision, manufacture with 
reduced numbers of personnel and ingenious maintenance concepts, and, consequently, reduced 
production costs. 
CIM is, however, not an organizational and technological advance which can be achieved over- 
night. Once initial developments have been completed they must be integrated and partly updated. 
For a successful CIM installation, therefore, a modular concept, specific to the firm in question 
must be developed. This individuality must apply to the functional modules themselves as much as 
to the problem solving within the modules. Slogans such as "You can't buy CIM off the peg", "CIM 
is a concept - not a program" contribute to a large degree to the existing confusion. Only one thing 
is certain: as the expense of introducing CIM is not related to the number of employees in a firm, 
generally speaking only large firms can afford such an organizational project. The continued exi- 
stence of small and medium-sized firms is, therefore, very much in danger: 
- Thanks to CIM, large firms are now in a position to become more flexible than smaller firms, in 
so far as concerns both the fulfillment of deadlines and product specifications of the client, and 
the use of the capital invested. Thus the essential competitive advantage of medium-sized firms is 
lost. 
- As quantitive growth is possible only within certain Limits, large firms - in order to even out the 
effects of rationalisation on the workforce - are expanding production not to each production 
centre/factory but throughout the whole firm. Suppliers are therefore finding fewer and fewer 
product niches. 
The future assurance of medium-sized firms can therefore likewise only succeed with the help of 
CIM : their motto must be - better. cheaper, faster and still more flexible than large firms. There 
is no alternative. To "carry on as we always have" is out of the question. In other words: only when 
medium-sized firms have been made receptive to the CIM philosophy and when meaningful soluti- 
ons have been developed and adapted to their specific applications, will this new technology pro- 
vide a wider circle of firms with equal opportunities for the future with positive socio-political 
consequences. Otherwise CIM may be the instrument of the creation of a disastrous monopolization 
of the whole potential of manufacturing technology. 
Small and medium-sized firms obtain their advice/information almost exclusively from computer 
manufacturers and software houses. Thus, the user is unable to obtain any independent advice: 
computer manufacturers have no company-specific solutions to offer, only computer-specific con- 
cepts, which must be "company-neutral". If CIM has to be integrated into different work places 
with operation-specific equipment, then the firms, wishing to introduce CIM gradually, must have 
available to them extensive expertise in the field. Moreover, a lot of demonstration and training is 
required. At the moment, however, the people affected in the various operational areas are still not 
properly prepared for this technology. They are often neither able to develop solutions for compu- 
ter integrated manufacture in their product area, nor capable of operating the necessary CIM com- 
ponents. For potential CIM users - above all the small and medium-sized firms - it is therefore 
extremely important to witness practical and concrete demonstrations of the problems, advantages 
and possible solutions, and to obtain objective problem, technology and branch specific assessments 
of solutions, in order to be able to help in the corporate decision-making process. 
The aim of the "Fabrik-2000" CIM demonstration (Factory 2000) by the Fraunhofer-Institute for 
Manufacturing Engineering and Automation (IPA) is, therefore, to demonstrate practical and con- 
crete solutions of computer integrated manufacture and its advantages especially for the potential 
users in medium-sized firms, in order to enable the introduction and application of computer inte- 
grated manufacturing. On the basis of a demonstration manufacturing plant with a continuous pro- 
duction process, CIM demonstrations, seminars and training programmes and conversion support 
are to be carried out. With the help of the installed and deliberately heterogeneous manufacturing 
and computer systems, various solutions for closed CIM chains, from the design through manufac- 
ture and assembly up to quality assurance must be implemented, in order to enable a general re- 
presentation of the individual subareas of 'computer integrated manufacture'. 
The target groups are all categories of persons involved in the area of computer integrated ma- 
nufacture: 
- Managers must be offered a gradual conceptual knowledge of the installation: What is the form 
of the firm-specific and problem-adapted CIM solution and how can this be most 
economically transcribed? 
- CIM users must be trained in problem solving systematics and in the use of new hardware and 
software components, programming languages, data base languages etc. 
- Technology consultants must be provided with an objective updating of their knowledge. 
- CIM trainers must deal in greater depth with special problems in training and qualification, and 
if need be discuss them together. 
- Building on what they know, students must provided with a comprehensive understanding of the 
problem: in what overall context is the selective existing detailed knowledge to be placed? 
Based on this concept, this initiative represents no threat to commercial consultancy firms: Here for 
the first time a complete field of technology is to be put into operation. The operation-specific ad- 
vice, which is connected with the training/instruction, is only made possible or experienced by the 
initial kindling of enthusiasm. "Fabrik 2000" is also supported by the BMFT in its national initia- 
tive "CIM-Technology-Transfer-Centres". 
If one considers the main emphasis of the tasks to be the transfer of CIM expertise. the organiza- 
tion of seminars for training and further education, the organization of CIM demonstrations and 
information events, the CIM advice and testing of general CIM solutions or subsystems. then the 
following positive results are to be expected from "Fabrik 2000": 
- transfer of knowledge research - industry and vice versa 
- the support above all of medium-sized firms with advice on organization, structure adaptation, 
effects on the workplace. qualification requirements etc ... 
- synergy effects via well-balanced procedures 
- synergy effects via purposeful information exchange between user - research - producer - 
company consultant 
- positive feedback from industrial practice to student training. 
Product and svstem lavout 
The "Fabrik 2000" CIM demonstration will show combined extracts from the areas of mechanical 
production and electronic production. Fig. 1 (F2000) shows the manufacturing procedure. Over the 
longer term the most important aim is the integration of new modules and the flexibilization of 
existing components. In this process, the knowledge and the possibilities of the individual areas of 
the institute will be increasingly made use of. 
The finished product from this procedure is a pyramid, consisting of an aluminium base, an elec- 
tronic module. divided into two printed-circuit boards and a transparent die-cast apex (see Fig. 2 
F2000). Both the aluminium base and the mounting of the printed-circuit boards are to be chosen 
individually the base can be chosen from several basic models , for the electronic module the co- 
lours and lighting sequence of the LED modules have to be redefined for each case. 
Fig. 3 illustrates the present layout of the "Fabrik 2000" CIM 
demonstration. 
"Machining centre" cell consisting of 
- a BZ 20 4 axis machining centre by Steinel 
- a WABCO-HITACHI robot for automatic loading of workpieces and for the changing of the 
fixtures 
- a central area for the presetting of the tool 
- a central commissioning area for workpiece pallets and fixtures 
- a SIEMENS SICOMP WS 20 cell computer with FMC cell control software. 
For reasons of cost, the fitting out of the machining centre with pallet changers, a circulating 
storage and a central clamping and setting-up place is a t  present not possible. In order. ne- 
vertheless, to fulfill the future requirements of low-labour manufacture, hydraulic fixtures for the 
clamping of workpieces and an industrial robot for the handling of workpieces are to be installed, 
appropriate to the range of workpieces to be machined. 
The transport tasks between the central workpiece presetting place. inventory and machining centre 
are carried out by the FTS (IPAMAR). 
"Commissioning station" cell, consisting of 
- a DOrr P 100 portal robot 
- a COMPAQ 386 cell computer 
- a transfer point for the FTS 
- a special control software. 
The commissioning station automatically assembles the components of the electronic module, arran- 
ged in the magazine, for manufacturing or transport lots. In the commissioning station the compo- 
nents of the electronic modules are stored by type in flat or upright magazines. 
"Assembly station", consisting of 
- a HAUSER portal robot 
- an ADEPT TECHNOLOGY adept one assembly robot 
- a gray-scale vision system 
- a transfer point for the FTS 
- a HEWLETT PACKARD Vectra cell computer 
- a special control software. 
The usually costly re-equipping of industrial robots for new assembly cycles means that the pro- 
duction of very small lots and batches of workpieces is uneconomical. For "Fabrik 2000", therefore, 
an assembly cell with two industrial robots was developed, so as to allow the complete automation 
of the re-equipping procedure: 
The portal robot lifts the transport pallets with the printed-circuit boards and component magazi- 
nes from the F I X  and places them onto a free pallet. After the gripper has been changed, the por- 
tal robot takes the magazine from the transport pallet and positions it in the work space of the as- 
sembly robot (adept one) or on the buffer points in the cell. The work space of the adept one is 
divided into two areas of 180 degrees each. While the adept one is carrying out mounting or solde- 
ring operations on one side of its work space, the portal robot is re-equipping the other side of the 
work space for the module of the next printed-circuit board (cf. Fig. 5 F2000). 
The image recognition system installed is used consistently in order to arrange the grippers and the 
peripherals as simply and universally as possible. The image recognition system works exclusively 
parallel to the robot process and has thus no negative influence on the cycle time, on the contrary, 
it reduces the cycle time by correcting the jointing position of components with tolerance faults : 
In order to recognize the position and the orientation of the parts, the portal robot exchanges the 
gripper for a camera and is thus able to recognize the parts position and orientation on the flat 
magazines from any point in the work space using the vision system. The adept one takes the com- 
ponents from the flat magazines and measures the position of the terminal wires using the vision 
system.' As a camera is brought parallel to the gripper by the robot, this can be carried out during 
the movement from the pick-up point to the assembly point. The vision system calculates the cor- 
rection value for the jointing process parallel to the robot movement. If the arrangement of the 
terminal wires of the component is outside the tolerance for the contact spacing of the printed- 
circuit board. the component is tilted in the gripper, the terminal wires are sequentially assembled 
in the printed-circuit board and at the same time straightened. 
The robot controls contain no type-specific or variant-specific programs. The cell computer, which 
directly coordinates the axis control of the portal robot, processes the robot used for the handling 
of the pallets, magazines, and printed-circuit boards in accordance with an optimization program. 
The program guarantees the shortest possible path for the adept one between the pick-up points of 
the magazines and the assembly position. 
The assembly robot works with a specific program module. This module entails 
- taking the part from the pick-up point 
- optically measuring the part 
- assembling the part in the assembly position using the correction data. 
For each individual product to be mounted, the program is generated by reproduction of the pro- 
gram module. For the processing of a program module the control contains the following data: 
- the pick-up point for the magazines from the cell computer. in addition the relative coordinates 
of the parts on the magazine via the image recognition 
- the parts data from the master computer or from the CAD system 
- the assembly position from the CAD system via the master computer 
- the jointing correction data during the execution of the program through the parallel image 
processing. 
The program is generated parallel to the assembly of the previous product, so that it is available 
without any loss of time. The soldering program is generated from the jointing points and the 
component data (contact spacing, number of terminal wires). 
The assembly cell thus offers the following advantages, in comparison with conventional separate 
solutions: 
- economical assembly automation of the smallest number of pieces through automatic set-up 
without cycle time loss 
- non-exact positioning preparation and jointing of tolerance faulty components without any loss 
of time as a result of the installation of image recognition 
- complete assembly of even smaller numbers of pieces 
- immediate automatic assembly of completely new products without programming 
- avoidance of cell down-times 
- shortest cycle times through path optimization. 
"Transport" cell, consisting of 
- the autonomous vehicle IPAMAR 
- a cell computer 
- the planning and control system. 
The production process of the future requires a transport system, which reacts flexibly, even to 
unforeseen events such as the failure of a cell or blocked travel paths. The present transport sy- 
stems are not suitable for this task, as true flexibility via rigid connecting paths (fixed control wi- 
res) and limited planning possibilities. With the IPAMAR autonomous vehicle, a transport system 
was developed by IPA, which of fen  a high degree of flexibility. 
- graphic design of the travel paths in a planning system 
- no fixed layout 
- guidance of the vehicle without the need for guide wires, and thus coverage of various 
production areas as well as office spaces 
- flexible response to interruptions in the production proces 
- intelligent circumvention of obstacles. 
The layout planning system enables the user to input the travel path in graphic form. The basic re- 
presentation contains the highly simplified hall layout with production cells, load transfer stations 
and the travel path. A simulation system tests the movements of the vehicle and uncovers mistakes 
using fictitious travel tasks. By the means of a simple operation, adaptation to a modified layout is 
quick and problem-free. 
The central task of the transport system arrangement is the management of travel tasks, and coor- 
dinating the generation of travel programs. Tasks can be received from the manufacturing master 
computer at any time and, when required, processed. Should the need arise, the transport unit can 
be completely independent from the manufacturing master computer, thanks to an additional ma- 
nual input possibility of travel tasks in the arrangement of the transport system itself. With the 
help of a preset travel task, an optimal path can be planned, based on the travel path layout. This 
action brings into play certain techniques of graph theory, the optimizing criteria of which can be 
selectively defined. 
The interface to the vehicle represents the travel program which is automatically generated by the 
transport computer, transmitted via infra-red wireless data transfer to the vehicle and there exe- 
cuted autonomously. The travel records form the core of the travel program, and define the mo- 
vements of the vehicle. In addition to these, support point measurements. sensor controls and doc- 
king procedures are individually preplanned and integrated into the travel program. The SOFT- 
WIRE guiding system does not need any special guidelines, marks or send facilities in the envi- 
ronment in order to define the position. 
- A rough position definition liable to drift errors, results through the upward integration of the 
path travelled via the path and angle senson. 
- At regularly spaced-out predefined places in the hall there is a support point measurement using 
ultra-sound sensors for drift compensation. 
- For the fine positioning when approaching the load transfer station, an opto-electronic sensor is 
installed, which determines the position error during the approach procedure. 
- Through the knowledge of the side misalignment the position accuracy can be still further 
increased via a servo-telescopic control of the load transfer module. 
Evolved company structures lead to heterogeneous EDP concepts, which, based on the function- 
orientated DP solutions for individual subareas, make overall integration difficult from both the 
hardware and the software point of view. It is necessary to enable computers from different ma- 
nufacturers to communicate with each other. Therefore, either a standardized communication sy- 
stem or a case-specific solution for the communications problems which arise has to be worked 
out. Both methods are used at present. On the one hand, for example, General Motors have been 
working since 1980 in collaboration with a number of users and manufacturers on the definition of 
a standard for manufacturing communication (MAP), on the other hand there are on the market a 
number of communications products for the most variegated communications tasks. As the standar- 
dization of MAP has still not been fully attained and cost-effective MAP communications products 
therefore are still not available, each user has to work out a concept which fulfills his own com- 
munications tasks, without creating problems for a subsequent transfer to a future standard pro- 
duct. 
These considerations are the starting point for the definition of the communication system in "Fa- 
brik 2000". Based on a heterogeneous hardware structure (mini computer, personal computer, pro- 
cess computer, etc ... ), such as is normally found in manufacturing companies, a system architecture 
for the communications was created, which. starting from a wideband backbone, integrates various 
subnetworks with regard to their access method (ETHERNET, TOKEN BUS), their transfer me- 
thod (wideband, baseband) and the network software used (NOVELL-PC-Netz, DECNET), and 
enables the subsequent installation of communications products with the MAP standard (cf. Fig. 7). 
Components from ALLEN BRADLEY are used as the wideband backbone (cf. Fig. 8). The fol- 
lowing network products are used in parallel on this backbone: 
- VISTA-LAN (Allen Bradley) 
- DECNET (Digital Equipment) 
- NOVELL-PC-Netz (Novell). 
VISTA-LAN is a network based on the TOKEN BUS principle. Via appropriate interface facilities 
(NIU - Network Interface Unit) the asynchronous transmission between different serial V24 in- 
terfaces is achieved. In addition the possibility exists of starting a virtual connection on individual 
V24 pins inside the VISTA-LAN, via the TOKEN BUS controllers (Allen Bradley) installed in the 
personal computer. 
DECNET, a network based on the CSMA/CD principle, enables a transparent connection between 
different DEC computers and supports all levels of the ISO/OSI model. The coupling of the 
ETHERNET baseband system installed on the backbone is achieved in accordance with the basic 
communications task in three ways: 
- Transparent DECNET/DECNET connection via backbone 
The DECNET protocol is modulated via an ETHERNET modem (MICOM) directly to a free 
channel of the wideband system, and can be retransmitted to each terminal connection point of 
the backbone via a further ETHERNET modem in the baseband area, and made accessible to an 
application. 
- Connection of the PC network DECNETDOS/NOVELL 
Via an ETHERNET controller (MICOM) a PC can be coupled directly to the baseband 
ETHERNET. Through the use of the DECNETDOS software (DIGITAL) the linking of the PC as 
a node in an existing DECNET network is possible. At the same time the PC can communicate 
via a TOKEN BUS controller (Allen Bradley) with the wideband backbone. NOVELL-PC-Netz is 
used as the network software. The coupling of both network software products to a gateway 
function of the PC takes place via a special coupling program. 
- Connection of vlrtual DECNET terminals with YISTA-LAN. 
The virtual DECNET terminals are connected from the baseband ETHERNET to V24 terminals 
via a terminal server (DIGITAL). The connection to the interface facilities of the VISTALAN 
(NIU) takes place via simple V24 jumpers. 
NOVELL is a PC network, which functions in accordance with the fileserver principle: One or 
more PCs are installed as the central data station(s). These stations can be used as a virtual mass 
storage from all the work stations connected to the network. Access is achieved via virtual drive 
designations. The NOVELL network software is independent from the installed network hardware 
and the access procedure. 
The communication between the manufacturing master computer (VAX 11/780) and the PC orien- 
tated cell computers of the individual manufacturing facilities takes place either 
- via a V24 connection, which is transmitted from the manufacturing master computer via the 
baseband ETHERNET, the terminal server and the NIU in the VISTALAN and from there via a 
second NIU again in a V24 terminal, which is directly connected with the cell computer or via 
- a file transfer based data exchange between the manufacturing master computer and the file 
server of the NOVELL-PC-Netz using the DECNETDOS/NOVELL gateway. 
The information transmitted is available at any time to the individual cell computers using the 
NOVELL network software. For the communication between the manufacturing master computer 
(VAX 11/780) and the process computers, installed for the cell control, the baseband/wideband- 
ETHERNET connection is provided via the ETHERNET modem. Via this communications channel 
the most diverse network protocols can be transmitted transparently. For process computers of the 
VAX family DECNET is used, otherwise a protocol such as TCP/IP can be used. 
For the subsequent introduction of a communication in accordance with the MAP standard an in- 
cidental frequency channel of the wideband is provided. Existing communications channels can 
then be gradually rearranged on MAP. Should the need arise, appropriate gateways must be provi- 
ded for the coupling of both communications systems. 
Plannina and control 
When trying to introduce a network and thus to reduce the cost of gathering, storing and proces- 
sing information, it is also useful to be able to maintain and modify certain data stocks at any one 
time at a single place in the firm. One must not be tempted, to make planning and control systems 
too susceptible to errors and faults: a fault in one area must not affect operations in other areas. 
Care must therefore be taken, to create smaller and faster control loops, which can work indepen- 
dently of the other areas for a certain length of time. 
The manufacturing requirements planning systems (MRP) installed up until now are however, in 
spite of undoubted efforts at integration from the functional point of view, characterized by a 
planning which on the one hand provides only small leeway and on the other hand permits only 
limited feedback on the higher order planning level at any one time. A uniformly dense state of 
information cannot, therefore, be achieved exclusively through information technology integration 
throughout the firm alone. What is also needed is a functional universality up to the process level 
and a constant relevancy of data on all corporate levels. Only when the horizontal and vertical in- 
formation technology integration is supported via programs. when the routine work is taken on or 
at least lightened. can an employee intervene in the control process of the whole firm. 
Expressed simply: each hierarchy of the firm needs its own programs. files and computers. which 
must of course be integrated with hardware and requirements in an overall concept. These pro- 
grams must also bear the increased work content in an integrated production system calculation. So, 
for example, the manufacturing requirements planning systems have up until now. been subdivided 
into material requirement and a connected capacity planning. which are looked after by.completely 
different and often spatially separated employees. This separation of the requirement and the ca- 
pacity aspects leads to planning results, which. with regard to their quality for integrated produc- 
tion systems. are unacceptable. Far shorter process times and smaller supplies can be achieved wi- 
thout danger to the readiness to deliver, through simultaneous consideration of requirement, capa- 
city and transport. The advantage of this way of looking at things is that, process specifications are 
already created on the higher corporate/planning levels, which need only be further refined. not 
basically rearranged. at the subsequent levels. 
A further example of this modified work content is workshop control: the manufacturing tasks ge- 
nerated by the production planning must be periodically transferred to a manufacturing master 
computer. There ensues with the help of detailed parts lists and detailed work plans, a solution of 
the production tasks in a succession of detailed activities and the assignment of all auxiliary devi- 
ces needed for the activities. The complete detailed task thus created must, in the context of fine 
planning, be allocated to a resource and the capacity allowed for. At the same time the availability 
of all resources needed for the implementation is to be guaranteed at the outset. Therefore even 
for this resource a plan and a time schedule are to be made. 
The requirement for independent control loops gives rise once more to the idea of a (decentral) 
EDP supported control station. An example is the concept of EDP supported control stations for 
short term manufacturing control. Accordingly the planning and control concept for "Fabrik 2000" 
was designed as a multi-stage control station concept. Fig. 9 illustrates this hierarchy. 
The activities of the planning level can be outlined as follows: 
- allocation of approved tasks to individual resources/transport equipment 
- instigation of production 
- supervision of the completion of the task as regards quantity. time limit. costs and quality with 
the help of reported operational data 
- intervention in the event of deviations from the planned task completion. 
The control level executes the following steps:- 
- transfer of the approved job program 
- extension of the tasks by transport tasks and auxiliary device preparation tasks 
- job release 
- job instigation. 
On the control level there ensues 
- NC program distribution 
- NC data management 
- material flow control 
- production data evaluation. 
The executive level comprises 
- the on-line control of the individual cells 
- the relaying of information to the process 
- the reporting of the actual production. 
Planning level: GRIPPS (graphic supported integrated manufacturing 
requirements planning system). 
  gain st the background of "Fabrik 2000" the "GRIPPS" system was 
developed for the planning. The innovative character of this system results from the introduction 
of the multi-stage simultaneous planning. which enables an optimized stock with considerably re- 
duced cycle times. Essential characteristics of simultaneous planning are for example: 
- derivation of secondary requirements and thus the preparation of the material flow objects 
needed from capacitively matched manufacturing tasks 
- definition of the manufacturing tasks with the help of a simultaneous consideration of quantities 
and time limits (stocks, requirements) and capacities (capacity offer/competition) 
- daily update of the planning specifications. 
A requirement of simultaneous planning is the construction of a specific planning structure. This 
connects the (in conventional systems separated) product or planning structure (parts lists) with the 
capacity or material flow structure (work plans) in graphic representation arranged according to 
capacitive and scheduling viewpoints (Fig. 10). At the same time. material flow objects, which 
compete for the limited available capacity of a capacity unit, are grouped together in a capacity 
group. 
An essential consideration for a high-capacity MRP system is the job-specific preparation of all 
necessary information. In order to guarantee a data organization without data redundancy, GRIPPS 
was implemented on the basis of the present relational database ORACLE with SQL standard and 
in C. This system works via a user-friendly interface, which enables the generation, display and 
modification of data via specific screen masks. 
Control level: ATEXI (Job scheduling in automated, flexible manufacturing systems). 
ATEXI is a dialogue orientated program system, which satisfies the difference between the opera- 
tional manufacturing require.ments planning and the operative control of the automated manufac- 
turing process. ATEXI consists of the two subfunctions system task generation and operation times. 
In system task generation first an availability check is carried out for the preset manufacturing 
tasks with regard to the required 
- raw material or semi-finished positions 
- manufacturing aids and 
- NC programs. 
For the raw material or semi-finished positions a reservation is carried out. Subsequently the ma- 
nufacturing tasks with positive availability are split into so-called system tasks. System tasks re- 
present the generated subsets of the manufacturing tasks in accordance with manufacturing or 
transport lots. They form essential input information concerning the operation times. 
The operation times carry out the time-slot and place assignments of the operations on the work 
stations for the approved system tasks. This takes place periodically in normal operation (e.g. 
daily). In the event of failure, a new requirement orientated schedule can be initiated. The load se- 
quence of the system tasks is established with the help of priorities, which are calculated either 
externally preset (e.g. from authorized representatives) or by means of priority rules. 
The sequence planning and machine assignment is carried out simultaneously, taking into account 
the actual capacity situation of the work stations, the workpiece carriers, the production aids, and 
the means of transport. During the scheduling of the tasks to be planned, that one will be chosen, 
from amongst the machining stations, which displays the least idle time. In this way a high utiliza- 
tion of the system is ensured. 
Before, however, an operation is definitively planned, it is checked to see if the necessary produc- 
tion aids are available in the requirement period. If they are free, but not in the place required, a 
transport task is generated. In assembly tasks, in the context of the time limits, the preparation of 
the assembly components must be initiated. To that belongs both the removal and the combination 
of the component requirement relating to the task and the transport of the parts to the assembly 
station. 
Task scheduling results in detailed tasks. Detailed (system) tasks are fixed in time and place, taking 
into consideration the actual 
situation as regards capacity, for the implementation of machining, assembly, measurement, com- 
missioning and transport procedures. 
Control systems: PROPOSS (event orientated control of highly automated production plant) The 
event orientated production process-control system PROPOSS was developed for the information 
and control technology integration of overall subsystems in highly automated manufacture. 
PROPOSS is an integrative component of a workplace control system and fills the generally exi- 
sting gaps on the executive level. 
PROPOSS uses as input values system tasks which are generated on the control level. PROPOSS 
works with an event orientated process model, which undertakes the initialization of the real-time 
process control of the transport, inventory, assembly or machining processes based on the machi- 
ning cycle time of the system tasks. In accordance with the degree of automation of the system to 
be controlled there takes place a further subdivision of a process into activities to be initiated se- 
parately (e.g. install FTS 123 into block path 27, transfer part xyz to the transfer point of machine 
A). 
PROPOSS generates a generalized process operational sequence description from the preset system 
tasks by event graphs, the nodes of which can be either detailed tasks or individual activities, ac- 
cording to the degree of automation of the system to be controlled. The respective sequence nodes 
are determined with the help of a graduated decision process, taking into account the actual pro- 
cess state and preset process conditions (e.g. activity a must be terminated before the beginning of 
activity b). 
PROPOSS works with a production process image. The allocation of all machines, buffer space, 
means of transport. and storage facilities for workpieces and production aids is known at each 
point in time. 
PROPOSS checks the implementability of planned detailed tasks. as also the individual activities to 
be carried out inside a detailed task on the basis of the actual manufacturing situation. 
PROPOSS contains modules for fault classification and automatic fault treatment. According to the 
type of fault, either alternative strategies can be initiated. or an error message is given at the next 
highest planning level. 
Inevitably the benefits of the implementation of "Fabrik 2000" have up until now accrued mainly 
to IPA itself. The aims of "Fabrik 2000" would be unsuccessful, however, if "Fabrik 2000" was seen 
and used merely as a means to an end, as a playground for the acquisition of proficiency. There- 
fore, "Fabrik 2000" was understood right from the beginning to be a pilot project for a CIM ap- 
plication. Development inside the company follows as for a customer project. 
The experiences so far can be summarized in the two main areas of 
material flow/information flow and project organisation/people. 
Material flow/Information flow 
- Provide a reliable universal overall concept. which is carried out without modification step by 
step (Material flow: geometry. speed. throughput; Information flow. data content/format, 
hardware) 
- Keep an eye on all interfaces - there is always a part of the interfaces to be dealt with 
personally. 
- Guarantee manufacturer independence through open architectures. 
- Physically check which components show performance capacity and compatibility (black box), 
- promises are often unfortunately very different from the actual facts. 
Project Organisatlon/People 
- Include all colleagues early on, CIM solutions depend on the detailed knowledge of colleagues at 
all levels. 
- The coordination of the interfaces is the task of the project management. The implementation of 
the individual cells as 'black boxes' is the responsibility of the project partners. 
- Entrust the responsibility for the CIM project management to the higher echelons (executive 
board. higher management) and tighten up the project organization, otherwise area optimization 
and thoughts of competition reduce success. 
The next steps to realization affect the completion of ordering and final assembly cells and the cu- 
stomer specific definition of the products via a CAD system. In the ordering cell the 'grip in the 
box' should be put into effect at the same time. In the middle term there is the connection bet- 
ween varnishing and quality assurance. 
But in order to avoid the creation of a museum, "Fabrik 2000" will 
also in the future be subject to strict considerations of return on investment. Each investment must 
be justified in the context of the overall aims of the institute. At least in the medium term a si- 
gnificant contribution margin must be provided via the training to be made available. 
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R e s e a r c h  I n s t i t u t e  
VUSTE P r a h a  
C z e c h o s l o v a k i a  
The v e r y  b a s i c  a p p r o a c h  t o  f l e x i b l e  a u t o m a t e d  m a n u f a c t u r i n g  
i s  t h e  same i n  p l a n n e d  e c o n o m i e s  a s  i n  m a r k e t  o r i e n t e d  economies .  
The b a s i c  o b j e c t i v e s  o f  f l e x i b l e  a u t o m a t i o n  a n d  CIM a r e  a l s o  i d e n -  
t i c a l :  p r o d u c t  and  p r o c e s s  f l e x i b i L i t y , a  s u b s t a n t i a l  i n c r e a s e  o f  
p r o d u c t i v i t y ,  i n s u r a n c e  o f  s t a n d a r d  q u a l i t y ,  e n e r g y  and  m a t e r i  a 1  
sav ings ,  r e d u c e d  l a b o u r  i n t e n s i t y ,  etc.. A n o t h e r  f a c t o r  t h a t  i s  
b e c o m i n g  more and more i m p o r t a n t  i s  i n t e g r a t i o n .  D e v e l o p m e n t a l  
s t a g e s  and t r e n d s  t h a t  w i l l  be d i s c u s s e d  l a t e r  i n  t h e  p a p e r  a r e  
a l s o  i d e n t i c a l .  
On t h e  o t h e r  h a n d  t h e r e  a r e  d e f i n i t e  d i f f e r e n c e s  t h a t  c a n  
be i d e n t i f i e d  i n  t h e  f o l l o w i n g  a r e a s :  
- c o n d i t i o n s  e x i s t i n g  p r i o r  t o  t h e  i n t r o d u c t i o n  o f  f l e x i b l e  
a u t o m a t i o n  
- e v a l u a t i o n  o f  e c o n o m i c  e f f e c t s  
- f o r m s  o f  i n d i s p e n s a b l e  i n t e r n a t i o n a l  c o o p e r a t i o n  
- enhancement  o f  t h e  r o l e '  and  f u n c t i o n  o f  t h e  human f a c t o r  / l o n g  
t e r m  e d u c a t i o n  and  d e v e l o p m ~ n t ,  i n c l u d i n g  r e t r a i n i n g /  
- c o n c e p t  o f  a n  a u t o m a t e d  p l a n t  a s  a  s y n t h e t i c  r e s u l t  o f  a  con -  
p r e h e n s i v e  a p p l i c a t i o n  o f  f L e x i  b l e  a u t o m a t e d  m a n u f a c t u r i n g .  
Aany  o f  t h e s e  d i f f e r e n c e s ,  however,  a r e  due t o  t h e  f a c t  
t h a t  t h e  t r u l y  m o s t  e f f e c t i v e  ways o f  C I M  a p p l i c a t i o n s  a r e  cu-  
r r e n t l y  b e i n g  sought ,  r a t h e r  t h a n  t o  t h e  e x i s t e n c e  o f  d i f f e r e n t  
p r i n c i p l e s  o n  !dh ich  t h e  t w o  t y p e s  o f  e c o n o m i e s  a r e  based. 
PRIIJCIPAL ROLE OF FLEXIBLE AUTOMATION AND CIM ' ............................................. 
H i g h l y  d y n a m i c  d e v e l o p m e n t  o f  s c i e n c e  and  t e c h n o l o g y  w i l l  
i n  a  r e l a t i v e l y  s h o r t  t ime ,  c r e a t e  c o n d i t i o n s  f o r  a n  i n t r o d u c -  
t i o n  o f  new t e c h n o l o g y  g e n e r a t i o n s  i n t o  a l l  s e c t o r s .  I n  t h i s  
c o n t e x t ,  m e c h a n i c a l  e n g i n e e r i n g  i n d u s t r y  s h o u l d  accommodate  
t h e  c h a n g e s  o f  i t s  own t e c h n o l o g y  and, a t  t h e  same t ime,  p r o -  
v i d e  t e c h n o l o g i c a l  means f o r  o t h e r  s e c t o r s .  
J i t h i n  m e c h a n i c a l  e n g i n e e r i n g  i n d u s t r y ,  n o t  o n l y  g e n e r a -  
t i o n  c h a n g e s  a r e  t o  be e x p e c t e d  i n  t e c h n o l o g y ,  i.e. t r a n s i -  
t i o n  f r o m  m a n u f a c t u r i n g  p r o c e s s e s  b a s e d  o n  c u t t i n g  t o  c h i p l e s s  
t e c h n o l o g i e s  a n d  m a s t e r i n g  o f  t h e  m e t h o d s  o f  p r o c e s s i n g  new 
m a t e r i a l s .  Our  e f f o r t s  w i l l  be a i m e d  a t  a c h i e v i n g  t h e  s h o r -  
t e s t  and s i m p l e s t  t r a n s i t i o n  f r o m  t h e  i n i t i a l  r aw  m a t e r i a l  t o  
t h e  f i n a l  p r o d u c t  n o t  o n l y  f r o m  t h e  p o i n t  o f  v i e w  o f  i n c r e a s e d  
p r o d u c t i v i t y  b u t  a l s o  m i n i n i  z a t i o n  o f  L o s s e s  due t o  m a t e r i  a 1  
waste, t h a t  i s  t o  t h e  a p p l i c a t i o n  o f  w a s t e l e s s  t e c h n o l o g i e s  
and, t hus ,  e n v i r o n m e n t a l  p r o t e c t i o n .  
I n  m a n u f a c t u r i n g  p rocesses ,  m e c h a n i c a l  e n g i n e e r i n g  i n d u -  
s t r y  i s  e n t e r i n g  a  p e r i o d  o f  t r a n s i t i o n  f r o m  t h e  h i t h e r t o  ba-  
s i c a l l y  m e c h a n i c a l  m a n u f a c t u r i n g  t o  a u t o m a t e d  a n d  e v e n  a u t o -  
m a t i c  m a n u f a c t u r i n g .  Thus, f u n d a m e n t a l  c h a n g e s  o c c u r  b o t h  i n  
t h e  s t r u c t u r e  o f  e n g i n e e r i n g  p l a n t s  a n d  i n  i n d i v i d u a l  a c t i v i t e s .  
E l e c t r o n i c s  and  b a s e d  o n  i t  c o m p u t e r s  and c o n t r o l  t e c h n o l o g y  
h a v e  opened  a m p l e  room f o r  a u t o m a t i o n .  Ue a r e  w i t n e s s i n g  r a p i d  
i n t r o d u c t i o n  o f  a u t o m a t i o n  i n t o  a l l  s p h e r e s  o f  t h e  s o c i  e t y k  
l i f e ,  p a r t i c u l a r l y  i n t o  t h e  o p e r a t i o n  o f  m a n u f a c t u r i n g .  
I n d u s t  r i  a 1  a u t o m a t i o n  r e p r e s e n t s  a  b a s i c  d e v e l o p m e n t a l  t r e n d  
i n  e n g i n e e r i n g  p r o c e s s e s  a n d  o rgan i sms .  A u t o m a t i  o n  s u r m o u n t s  
n o t  o n l y  t h e  l i m i t s  d e t e r m i n e d  b y  man's p h y s i c a l  a b i l i t i e s  
b u t  a l s o  t h e  l i m i t s  o f  h i s  m e n t a l  a c t i v i t y .  I t  makes i t  pos-  
s i b l e  t o  e s t a b l i s h  t h e  s t a t e s  o f  p r o c e s s e s  w h i c h  c a n n o t  be 
i n t e r c e p t e d  b y  man's s e n s e s  and  t o  s e l e c t ,  o n  t h i s  b a s i s ,  
o p t i m a l  modes o f  w o r k  e t c .  C o n s e q u e n t l y ,  p r o d u c t s  w h i c h  c a n n o t  
be m a n u f a c t u r e d  b y  means o f  m e c h a n i c a l  e q u i p m e n t  c a n  be now 
m a n u f a c t u r e d  a n d  t h e  r e q u i  r e d  g r o u t h  o f  o u t p u t  a n d  r e l a t e d  
g r o w t h  o f  p r u d u c t i v i t y  c a n  be  ensured.  Monotonous,  u n s k i l l e d  
and  r o u t i n e  w o r k  i s  e l i m i n a t e d ,  man's p o s i t i o n  becomes f undamen- 
t a l l y  d i f f e r e n t  a n d  g e n e r a l  h u m a n i z a t i o n  o f  w o r k  occu rs .  
The i n t r o d u c t i o n  o f  f l e x i b l e  a u t o m a t i o n  t o  d i s c r e t e  p r o d u c -  
t i o n  h a s  i m p r o v e d  a n d  i n c r e a s e d  t h e  p r o d u c t i o n  c a p a b i  l i t  y  t o  
a  much l a r g e r  e x t e n t  t h a n  a l l  t h e  o t h e r  new t e c h n o l o g i e s  a n d  
t h e i r  c o m b i n a t i o n s ,  be  i t  o t h e r  a d v a n c e d  t e c h n o l o g i e r ,  new ma- 
t e r i a l s  a n d  a l l o y s ,  new m e t h o d s  o f  o r g a n i z a t i o n ,  etc.. F u r t h e r -  
nore ,  a u t o m a t i o n  o f  p r o d u c t i o n  a n d  m a n u f a c t u r i n g  p r o c e s s e s  h a s  
c a l l e d  f o r  a u t o m a t i o n  o f  p r o d u c t i o n  p l a n n i n g ,  f o r  t h e  d e s i g n  
and  d e v e l o p m e n t  o f  new SW s y s t e m s  and  d a t a  bank  sys tems.  
A p p l i c a t i o n  o f  a u t o m a t i o n  t o  m a n u f a c t u r i n g  p r o c e s s e s  h a s  
c a l l e d  f o r  a  c o m p r e h e n s i v e  i n t e g r a t i o n  o f  a l l  au tonomous  systems, 
o r g a n i z a t i o n a l  and e c o n o m i c  a s p e c t s  i n t o  t h e  w h o l l y  new, s y s t e m  
based  concep t ,  i.e. t h e  c o n c e p t  o f  c o m p r e h e n s i v e  a u t o m a t i o n  o f  
i n d u s t r i a l  p r o d u c t i o n .  
T h i s  c a p a b i  l i t y  t o  i n t e g r a t e  p r o d u c t i o n ,  i n c l u d i n g  a l l  t h e  
p r e - m a n u f a c t u r i n g  a n d  p o s t - m a n u f a c t u r i n g  s t a g e s  i n t o  a  t o t a l ,  
f u n c t i o n a l  and a u t o m a t e d  s y s t e m  h a s  m a r k e d  a  new d e v e l o p m e n t  
o f  i n d u s t r i e s ,  n a m e l y  o f  e n g i n e e r i n g  and  e l e c t r o n i c  i n d u s t r i e s .  
I n  mos t  E u r o p e a n  c o u n t r i e s  w i t h  p l a n n e d  economy CIH and  a u t o m a t e d  
m a n u f a c t u r i n g  h a v e  b e e n  i n c o r p o r a t e d  i n t o  t h e  s t a t e  p o l i c y  o f  t e c h -  
n o l o g i c a l  d e v e l o p m e n t .  
N a t i o n a l  p rogrammes o f  a p p l i c a t i o n  o f  f l e x i b l e  a u t o m a t e d  ma- 
n u f a c t u r i n g ,  i n c l u d i n g  CIM, h a v e  b e e n  d e s i g n e d  and  a r e  c u r r e n t l y  
b e i n g  i m p l e m e n t e d  i n  a l l  E u r o e a n  s o c i a l i s t  c o u n t r i e s ,  i n c l .  
Y u g o s l a v i a  / n o  d a t a  i s  a v a i  l a b l e  o n  Romania/ .  A l l  t h e s e  p rog ram-  
mes i n c l u d e  - e i t h e r  i n  t h e  f o r m  o f  subprogrammes o r  au tonomous  
programmes - programmes o f  d e v e l o p m e n t  o f  i n d u s t r i a l  r o b o t i c s .  
These  programmes a r e  c u r r e n t l y  b e i n g  upda ted .  T h r e e  m a i n  
t r e n d s  have  been i d e n t i f i e d :  
- a n  o v e r a l l  a p p l i c a t i o n  o f  f l e x i b l e  m a n u f a c t u r i n g  s y s t e m s  / F M S /  
r a n g i n g  f r o m  a  p r o d u c t i o n  l i n e  t o  u o r k s h o p  a n d  e v e n t u a l l y  t h e  
w h o l e  m a n u f a c t u r i n g  s e c t i o n  
- d e v e l o p m e n t  a n d  i n s t a l l a t i o n  o f  CADICAR s y s t e m s  
- d e v e l o p m e n t  o f  CIf.1 and a u t o m a t e d  p l a n t s .  
A t  t h e  sane t i m e  q u a l i t a t i v e  d i f f e r e n c e s  b e t u e e n  i n d i v i d u a l  
d e v e l o p m e n t a l  s t a g e s  d i s c u s s e d  i n  c h a p t e r  3 o f  t h i s  p a p e r  a r e  
c u r r e n t l y  b e i n g  s t u d i e d  and  v e r i f i e d .  
As f o r  t h e  h i g h e r  d e v e l o p m e n t a l  s tages,  i n c l .  CICI,  t h e  f o l l o -  
v i n g  p e r f o r m a n c e  f a c t o r s  a r e  e x p e c t e d  t o  p l a y  a  m a j o r  r o l e :  
- i n c r e a s e d  p r o d u c t i v i t y  b y  a t  l e a s t  5 0 0  - 600 !i 
- d e c r e a s e d  pay-back t i m e  t o  2,s - 4  y e a r s  
- i n c r e a s e d  o v e r a l l  o p e r a t i o n  t i m e  o f  a u t o m a t e d  e q u i p m e n t  t o  18-20 
h o u r s  p e r  d a y  
- s h o r t e n e d  t i m e  b e t u e e n  p r o j e c t  d e s i g n  a n d  p r o j e c t  l a u n c h i n g  
/ l e s s  t h a n  24 m o n t h s /  
- d e c r e a s e  i n  l a b o u r  i n t e n s i t y  b y  6 0  - 7 0  % 
- r e d u c e d  c o s t s  o f  m a t e r i a l  b y  2 0  - 4 0  X 
- r educed  p r o d u c t  deve lopment  t i m e  by 50 - 75 % 
- f i v e  f o l d  i n c r e a s e  o f  p r o d u c t i v i t y  o f  p r o j e c t  des igners ,  p r o d u c t  
d e s i g n e r s  and e n g i n e e r s  
- reduced  deve lopment  c o s t s  by one h a l f  
- l e a d  t i n e  r e d u c t i o n  by  50  X .  
INTERtIATIONAL COOPERATION 
......................... 
Demands o f  f l e x i b l e  au tomated  p r o d u c t i o n  and namely  i t s  
i n t e g r a t i o n  go beyond t h e  capab i  l i t i e s  o f  i n d i v i d u a l  n a t i o n a l  
economies o f  t h e  CMEA c o u n t r i e s .  Consequent ly ,  t u o  i m p o r t a n t  
documents u e r e  s i g n e d  i n  t h e  708  - an i n t e r g o v e r n m e n t a l  agreement  
between a 1  1  aenber  c o u n t r i e s  c o n c e r n i n g  a  f u r t h e r  deve lopment  
o f  u n i f o r m  and c o m p a t i b l e  H 9  and S 2  / i n c l u d i n g  f o r  
p r o d u c t i o n  and m a n u f a c t u r i n g  p r o c e s s  c o n t r o l  and an agreement  
c o n c e r n i n g  c o o p e r a t i o n  i n  t h e  f i e l d  o f  a u t o m a t i o n  o f  e n g i n e e r i n g  
f u n c t i o n s .  L a t e r ,  i n  t h e  80s  two  g e n e r a l  agreements c o n c e r n i n g  
c o o p e r a t i o n  i n  t h e  f i e l d  o f  i n d u s t r i a l  r o b o t i c s  and FMS u e r e  
s igned.  
A n o t h e r  e v i d e n c e  o f  t h e  h i g h  p r i o r i t y  t h e  member c o u n t r i e s  
o f  t h e  CI4EA a t t a c h  t o  :he deve lopment  o f  f l e x i b l e  automat ion,  i s  
t h e  i n c o r p o r a t i o n  o f  t h e  programme o f  "Comprehensive au toma t i on "  
i n t o  t h e  " O v e r a l l  programme o f  s c i e n t i f i c  and t e c h n o l o g i c a l  p rog -  
r e s s  u n t i l  t h e  yea r  2000" adop ted  by member c o u n t r i e s  i n  1985. 
Comprehensive a u t o m a t i o n  i s  becoming one o f  t h e  m a j o r  t e c h n o l o -  
g i c a l ,  b u t  a l s o  economic and s o c i a l  t a s k s  o f  a l l  c o u n t r i e s  i n -  
v o l v e d  i n  t h e  programme. 
The programme o f  "Comprehensive automat ion" ,  p a r t  2 has been 
d e v i s e d  t o  speed u p  t h e  development  and a p p L i c a t i o n  o f  f l e x i b l e  
a u t o m a t i o n  i n  i n d u s t r y  and n a t i o n a l  economy. The i n t e r n a l  s t r u c -  
t u r e  o f  t h i s  i n t e r n a t i o n a l  programme p r o v i d e s  c o n d i t i o n s  f o r  a  
j o i n t ,  h i g h l y  s p e c i a l i z e d  deve lopment  and p r o d u c t i o n  o f  i n d i v i d u a l  
components, modules and systems, i n c l .  an au tomated  p l an t .  
I n  J u l y  t h i s  y e a r  p r i m e  m i n i s t e r s  o f  t h e  CHEA c o u n t r i e s  me t  
i n  P r a g u e  t o  d i s c u s s  new deve lopmen ts .  A t  t h i s  c o n f e r e n c e  i t  was 
d e c i d e d  t h a t  m a j o r  e f f o r t s  s h o u l d  be a i m e d  a t  t h e  s o  c a l l e d  "Compre- 
h e n s i v e  t a r g e t e d  p r o j e c t s :  I n  t h e  f i e l d  o f  o v e r a l l  a u t o m a t i o n  one 
such  p r o j e c t  i s  a  d e s i  gn,development and  o p e r a t i o n  o f  a u t o m a t e d  
e n g i n e e r i n g  a n d  e l e c t r o n i c  p l a n t s  u n t i l  t h e  y e a r  2 000. 
I n  t h i s  p r o c e s s  t h e  CMEA c o u n t r i e s  e x p e c t  t o  make u s e  o f  n o t  
o n l y  t h e i r  m u t u a l  c o o p e r a t i o n  b u t  a l s o  o f  a n  e f f e c t i v e  c o o p e r a t i o n  
w i t h  o t h e r  i n d u s t r i a l l y  a d v a n c e d  c o u n t r i e s .  T h i s  c o o p e r a t i o n  ho- 
uever ,  i s  r a t h e r  l i m i t e d  d u e  t o  a  v a r i e t y  o f  r e s t r i c t i o n s  a n d  
i m p e d i m e n t s .  I t  i s  b e l i e v e d ,  however, t h a t  t h e  s t e a d y  t r e n d  o f  
a d v a n c e s  w i l l  b r i n g  t h i s  h i g h l y  e f f e c t i v e  and  b e n e f i t i a l  c o o p e r a -  
t i o n  s t i l l  f u r t h e r .  
S i m i l a r l y  a s  i n  o t h e r  i n d u s t r i a l l y  a d v a n c e d  c o u n t r i e s  a l s o  
i n  t h e  C M E A  c o u n t r i e s ,  t h e  e a r l y  7 0 s  u i t n e s s e d  a  l o t  o f  r e s e a r c h  
and d e v e l o p m e n t  a c t i v i t i e s  i n  t h e  f i e l d  o f  f l e x i b l e  a u t o m a t i o n  
/ F i l s  and i n d u s t r i a l  r o b o t s / .  The d e v e l o p m e n t  a t t a i n e d  so  f a r  c a n  
be  d e s c r i b e d  b y  t h e  f o l l o w i n g  phases:  
i 5 e  f i r s t  e h a s e  s p a n s  o v e r  t h e  p e r i o d  1 9 7 1  - 1977  and i s  
---------- ---- 
c h a r a c t e r i s o d  by t h e  a d v e n t  o f  :4C m a c h i n e  t o o l s ,  f i r s t  g e n e r a t i o n  
o f  i n d u s t r i  a 1  r o b o t s  a n d  h a n d l i n g  d e v i c e s  / n a n i  p u l a t o r s / ,  t h e  v e r y  
f i r s t  a u t o m a t i c  l o g i s t i c  s y s t e m s  and  t h e  f i r s t  g e n e r a t i o n  o f  FI.lS. 
C h a r a c t e r i s t i c  f a c t o r s  o f  ;~g_~gcq~d-p~hq$ 1 1 9 7 4  - 1 9 8 4 1  a r e  
r o b o t i z e d  n o r k s t a t i o n s ,  AGV a p p l i c a t i o n s ,  a u t o m a t i o n  o f  m e a s u r i n g  
and i n s p e c t i o n  o p e r a t i o n s ,  a u t o m a t e d  NC programming,  second  gene- 
r a t i o n  o f  Ff,iS, r o b o t i z e d  m a n u f a c t u r i n g  sys tems.  
I n  t h e  cou rse  o f  t h e  t h i r d  phase t h e  ma in  e f f o r t s  have been 
and a r e  b e i n g  gea red  t o  t h e  d i f f u s i o n  o f  t h e  CAD, CAP and CAR 
systems, a u t o m a t i o n  o f  PPS, deve lopment  o f  a  h i e r a r c h i c a l  p ro -  
d u c t i o n  c o n t r o l  system, a u t o m a t i o n  o f  assembly  processes,  a p p l i -  
c a t i o n  o f  f l e x i b l e  a u t o m a t i o n  t o  t h e  p l a n t * s  ma in  p r o d u c t i o n .  
The phase o r i g i n a t e d  i n  1978 and w i l l  go on t i l l  t h e  e a r l y  90s. 
The -_U--_----- f o u r t h  ehase ---- i s  t h e  phase o f  CI1.1, i t s  ph i l o sophy ,  i t s  
a r c h i t e c t u r e  and concepts ,  modu la r  HU and SW, development  o f  t h e  
t h i r d  g e n e r a t i o n  o f  FWS and t h e  second g e n e r a t i o n  o f  FAS, and 
e x p e r i m e n t a l  i m p l e m e n t a t i o n  o f  f l e x i b l e  a u t o m a t i o n  i n v o l v i n g  
t h e  whole p r o d u c t i o n  p l a n t .  T h i s  phase came t o  b e i n g  i n  1982 and r i l  
go on t i l l  t h e  l a t e  90  s. 
Ihg-ft~fgh,ehhzr d i l l  g e n e r a t e  new advanced a r c h i t e c t u r e  o f  
an au tomated  p r o d u c t i o n  p l a n t  /hPP/ by  means o f  a  comprehens ive  
m o d e r n i z a t i o n  o f  t h e  e x i s t i n g  p l a n t s  i n t o  APPs, The new A P P  a r c h i -  
t e c t u r e  and s t r u c t u r e  w i l l  be g r a d u a l l y  adop ted  by a l l  m a j o r  i n d u -  
s t r i e s ,  
o v e r  wh i ch  
The t i m e  h o r i z o n / f u l l  C I M  and APP s h o u l d  be a c c o n p l i s h e d  
can be p u t  a t  1 0  t o  15 y e a r s  o r  even  more, The ma in  f a c t o r s  i n -  
f l u e n c i n g  t h e  p r o s p e c t  o f  such accompl i shment  a r e  - m o d u l a r i t y ,  
p o r t a b i  li t y ,  compa t i  b i  li ty, s t a n d a r d i  r a t i o n  and i n c r e a s e d  p roduc-  
t i o n  e f f i c i e n c y  w i t h  e v e r y  s i n g l e  p a r t i a l  p r o j e c t ,  
  he deve lopment  o f  f l e x i b l e  a u t o m a t i o n  i n  t h e  m e c h a n i c a l  
e n g i n e e r i n g  i n d u s t r y  i s  s u b j e c t  t o  t h e  t r e n d s  o f  complex au to -  
m a t i o n  c h a r a c t e r i z e d  by  b o t h  h i g h  l e v e l  o f  s t a n d a r d i z a t i o n  and 
h i g h  measure o f  i n t e g r a t i o n  o f  v a r i o u s  components o f  manufactu-  
r i n g  systems. T h i s  i s  a  f u n d a m e n t a l  t r a n s i t i o n  f r o m  t h e  g r a d u a l  
improvement  o f  p r o d u c t i o n  o rgan i sms  and p rocesses  t a k i n g  p l a c e  
u i t h i n  t h e s e  o rgan i sms  t h r o u g h  p a r t i a l ,  r e l a t i v e l y  i dependen t  i n n o -  
v a t i o n s  o f  i n d i v i d u a l  components t owa rds  complex i n n o v a t i o n s  o f  
h i  gher  o rder .  
I t  appears  so f a r  t h a t  m o r a l  l i f e  o f  t h e  Lowes tb rgan isms s u b j e c t  
t o  complex i n n o v a t i o n s  / a t  t h e  l e v e l  o f  workshop o r  a  manufac- 
t u r i n g  s e c t i o n /  i s  some 15 t o  20 years; i n  t h e  meantime, i n n o v a t i o n  
o f  i n d i v i d u a l  components o f  s h o r t e r  s e r v i c e  l i f e  i s  under taken ,  
e.g. 7-8 y e a r s  w i t h  r e s p e c t  t o  NC machine t o o l s .  
Because o f  t h a t  i t  i s  v e r y  i m p o r t a n t  t h a t  b a s i c  p r e r e q u i -  
s i t e s  f o r  e c o n o m i c a l l y  a c c e p t a b l e  s o l u t i o n s  a r e  i n c l u d e d  a l r e a d y  
i n  p r e p a r a t o r y  works  f o r  t h e  p r o j e c t  o f  f l e x i b l e  a u t o m a t i o n  as  
e f f i c i e n c y  o f  t h e  m a n u f a c t u r i n g  system c a n  be s u b s t a n t i a l l y  i n -  
f l u e n c e d  a t  t h e  s t age  o f  system concep t  and des ign .  
Any i n t r o d u c t i o n  o f  f l e x i b l e  a u t o m a t i o n  t o  i n d u s t r i a l  p roces -  
ses must be f o l l o w e d  by immed ia te  i n t e g r a t i o n .  P r o p e r l y  s e l e c t  
hardware and s o f t w a r e  p r o v i d e  f a v o u r a b l e  c o n d i t i o n s  f o r  an e f f i c i  
e n t  p r o c e s s  i n t e g r a t i o n .  New a s p e c t s  o f  l a b o u r  d i v i s i o n  between 
p r e - p r o d u c t i o n  and p r o d u c t i o n  f u n c t i o n s  have been i d e n t i f i e d  and 
i n t e g r a t e d  i n  t h e  C A D / C A M  systems. I t  has become apparent ,  however, 
t h a t  a  comprehens ive  s o l u t i o n  o f  f l e x i b l e  m a n u f a c t u r i n g  t h r o u g h o u t  
t h e  e n t i r e  p l a n t  / C I : 4 /  i s  a  must today.  
4. AUTOMATED ?LAPITS 
---------------- 
The u l t i m a t e  g o a l  o f  any comprehensive a u t o m a t i o n  i s  t h e  de- 
s i g n  and a s t ep -by - s t ep  development  o f  an au tomated  p l a n t .  I t  i s  
a  s o r t  o f  a  c l imax ,  a  s y n t h e s i s  o f  a l l  t h e  c o n c e n t r a t e d  and l o n g -  
t e r m  e f f o r t s .  The s c i e n t i f i c  and t e c h n o l o g i c a l  g o a l  o f  a l l  t h e  
work i n v o l v e d  i n  t h e  deve lopment  o f  an au tomated  p l a n t  c o n s i s t s  
i n  a  s t e p w i s e  a u t o m a t i o n  o f  a l l  t h e  e s s e n t i a l  f u n c t i o n s  and t h e i r  
s i m u l t a n e o u s  i n t e g r a t i o n  w i t h  r e s p e c t  t o  b o t h  t h e  m a t e r i  a 1  and 
i n f o r m a t i o n  f lows. 
The au tomated  p l a n t  o f  t h e  90s w i l l  have b o t h  h i g h l y  automa- 
t e d  even a u t o m a t i c  u n i t s  and sec t i ons ,  as w e l l  as l e s s  au tomated  
p rocesses  and areas. 
The 9 0 s  w i l l  w i t n e s s  a  f u r t h e r  t r a n s i t i o n  f r o m  t h e  r a t h e r  
l o w  l e v e l  o f  f l e x i b l e  a u t o m a t i o n  t o  an  advanced  l e v e l  a n d  new 
n e e d s  o f  i n t e g r a t i o n  a r i s i n g  f r o m  t h e  i m p l e m e n t a t i o n  o f  CA - t e c h -  
n o l o g i e s ,  i.e. CAD, CAP, CAM, CAQ, C A I ,  CA - p r o d u c t i o n  p l a n n i n g  
and  management. CIH i t s e l f  u i l l  r e p r e s e n t  a  q u a l i t a t i v e l y  n e u  
s tep .  
I n  mos t  c a s e s  an  a u t o m a t e d  f a c t o r y  u i l l  be a  r e s u l t  o f  a  mo- 
d e r n i z a t i o n  p r o c e s s  s t a r t i n g  a t  t h e  w o r k s h o p  L e v e l  and p r o c e e d i n g  
upwards.  The a i m  o f  such  a  p r o c e s s  w i l l  b e  a  t r u l y  h a r m o n i o u s  de- 
v e l o p m e n t  o f  a l l  p l a n t  f u n c t i o n s  and  a  r e d u c t i o n  o f  l a b o u r  i n -  
t e n s i t y .  
E v e r y  c o m p r e h e n s i v e  a u t o m a t i o n  p r o c e s s  w i  11 a l r a y s  be c s -  
o u t  as  a d y n a m i c a l l y  d e v e l o p i n g  p r o c e s s  w i t h i n  a  d y n a m i c a l l y  ce.,, 
l o p i n g  m a n u f a c t u r i n g  e n v i r o n m e n t .  
GEidERAL F I N D I N G S  
-------- -------- 
Our p r a c t i c a l  e x p e r i e n c e  w i t h  v a r i o u s  f o r m s  o f  f l e x i b l e  au- 
t o m a t i o n  o v e r  t h e  l a s t  t w e n t y  y e a r s  has  y i e l d e d  t h e  f o l l o v i n g  
f i n d i n g s :  
- changes  i n  p r o d u c t i o n  due t o  new - t e c h n o l o g y  
- t e c h n i c a l  means 
- o r g a n i  s a t i  on  
- p r o c e s s  c o n t r o l  
- management 
- p r o f e s s i o n s  
- e x i s t e n c e  o f  a c t i v i t i e s  common t o  m a n u f a c t u r i n g  p r o c e s s e s  w i t h i n  
t h e  c o n t e x t  o f  g r o w i n g  a u t o m a t i o n  and  r o b o t i z a t i o n  
- a u t o m a t i o n  a p p l i e d  t o  one f u n c t i o n  b r i n g s  a b o u t  a u t o m a t i o n  o f  
o t h e r  f u n c t i o n s  
- l o n g  t e r m  p r o d u c t i o n  programmes assume a  more s i g n i f i c a n t  r o l e  
- t h e r e  i s  a  g r o w i n g  s p e c i a l i  s a t i o n  on p a r t  o f  m a n u f a c t u r e r s .  and 
a d e f i n i t e  l o c a l  c o n c e n t r a t i o n  o f  p a r t i c u l a r  p r o d u c t i o n  
- c o m p l e x i t y  o f  f l e x i b l e  a u t o m a t i o n  p r o j e c t i o n  based on e f f i c i e n c y  
c r i t e r i a  
- t r e n d  t o w a r d s  m o d e r n i z i n g  p l a n t s  / s t a r t i n g  a t  shop f l o o r  l e v e l  
and p r o c e e d i n g  upwards/  w i t h o u t  d i s c o n t i n u i n g  p r o d u c t i o n  
- m o d u l a r i t y  o f  b o t h  HU and SU 
- emergence o f  new j o b s  and p r o f e s s i o n s  
- decrease  i n  t h e  number o f  employees 
- s tep -by - s t ep  i n t e g r a t i o n  
- b r o a d  c o o p e r a t i o n  between i n d u s t r y  and R and D. 
The f o l l o u i n g  i s  t h e  summary o f  t h e  g o a l s  and phases o f  CIM 
and APP development  d e s c r i b e d  i n  t h e  p r e v i o u s  c h a p t e r s  o f  t h i s  
paper :  
a /  d y n a m i c a l l y  g r o w i n g  a u t o m a t i o n  o f  p r o d u c t i o n  and m a n u f a c t u r i n g  
systems 
b /  i m p l e m e n t a t i o n  o f  t h e  p r i n c i p l e  o f  m o d u l a r i t y  w i t h  s t a n d a r d i z e d  
t e c h n o l o g i c a l  and i n f o r m a t i o n  i n t e r f a c e s  
c /  development  o f  m a n u f a c t u r i n g  systems t o w a r d s  CIH and APP 
d /  comprehens ive  a u t o m a t i o n  i n v o l v i n g  a l l  au tomated  p l a n t  f u n c t i o n s  
e l  m o d e r n i z a t i o n  o f  t h e  e x i s t i n g  p l a n t s  a imed a t  a  s y s t e m a t i c  
a u t o m a t i o n  o f  a l l  t h e  ma in  p l a n t  f u n c t i o n s  
f /  i n t e g r a t i o n  o f  a l l  p r o g r e s s i v e  m a n u f a c t u r i n g  p rocesses  i n t o  
t h e  p r o c e s s  o f  comprehens ive  a u t o m a t i o n  
g/ dynamic g r o w t h  o f  i n t e g r a t i o n  needs 
h /  g r o w i n g  r o l e  o f  h i g h l y  s k i l l e d  l a b o u r  
i/ need o f  a  s y s t e m a t i c  and e f f e c t i v e  i n t e r n a t i o n a l  coope ra t i on .  
NOTE: f . l a j o r  q u a n t i t a t i v e  d a t a  i s  i n c l u d e d  i n  t h e  I I A S A  a n a l y s e s  
and s t u d i e s  p r e s e n t e d  e  l s e u h e r e .  
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?lanufacturing technology i s ,  i n  essence, t h e  technology of process control .  
I t  i s  machines, human labor,  and t h e  organization of work brought together  i n  
t h e  control  of a manufacturing process.  While t h e  nature  of process control  can 
be q u i t e  d i f f e r e n t  in  d i f f e r e n t  indus t r i e s ,  a common theme t h a t  seems t o  emerge 
from a study of process control  is t h e  evolution of manufacturing from an a r t  
t o  a science.  Inasmuch as t h e  long term v i a b i l i t y  and manufacturing competence 
of a f irm is i n t r i n s i c a l l y  t i e d  t o  how one manages t h i s  evolut ion,  it is  i m -  
por tant  t o  understand t h e  f ac to r s  t h a t  d r ive  it. The object  of t h i s  paper is 
t o  attempt t o  a r r i v e  a t  such an understanding. 
One f inds ,  i n  the  metal f ab r i ca t ing  industry,  a great  va r i e ty  of process 
control  technologies being pract iced a t  any time. For t h i s  reason, and because 
t h e  industry i s  very large  and has a long h i s t o r y ,  we have chosen it as t h e  base 
from which t o  study evolving pa t t e rns  of process control  in  t h e  mosaic of ma- 
chines,  labor ,  and the  organization of work. Because aggregate data  a t  t he  level  
of t h e  industry does not lend s u f f i c i e n t  r e l i e f  t o  t h e  s h i f t s  i n  t h i s  p i c tu re ,  
we have taken,  a s  our u n i t  of ana lys i s ,  t h e  f irm. 
Within t h e  f irm, we study t h e  evolution of process control  from the  per- 
spect ive  of t h e  work s t a t i o n .  I t  is l e r e  t h a t  t c  hnology and ~ o r k  come together  
and manufacturinq takes place.  Because we a r e  i r~ze res t ed  in  a p a r t i c u l a r  aspect  
of technology and work, i . e . .  manufacturing's s h i f t  from an c r t  t o  a sc ience ,  
we a l so  examine the  th inking behind t h e  ideas t n a t  have shaped process control  
and t h e  cogni t ive  components of work. 
Our study focuses s p e c i f i c a l l y  cn t h e  segment of t h e  metal f ab r i ca t ing  in -  
dus t ry  engaged i n  t h e  manufacture of small arms. A number of major manufac- 
tu r ing  innovation? have had t h e i r  seeds i n  t h i s  industry--development of machine 
too l s  a t  t he  Woolwich Arsenal, in terchangeabi l i ty  of p a r t s  a t  t h e  Whitney and 
Colt f a c t o r i e s ,  Taylorism a t  t h e  Watertown Arsenal. Our purposes a r e  abet ted  
by t h e  considerable scholarship  devoted t o  t h e  study of t h i s  indust ry  and by 
t h e  exis tence  of a s i n g l e  f irm, P ie t ro  Bere t ta ,  vhose h i s t o r y  includes t h e  as-  
s imi l a t ion  of each of these  manufacturing innovations.  
Founded in 1492, and control led  by t h e  same family f o r  fourteen genera t ions ,  
Bere t ta  has been engaged i n  t h e  manufacture of f irearms f o r  almost f i v e  hundred 
years.  While t h e  product has not changed much, t h e  processes f o r  making a r i f l e  
have. Thus it provides as c lose  t o  a con t ro l l ed  experimental study of t h e  evo- 
lu t ion  of process ~ o n t r o l  as one could have. Though Beret ta  o r ig ina ted  none of 
t h e  major metal f ab r i ca t ing  innovations, it was quick t o  adopt every one of 
them. 
To understand how t h e  transformation in manufacturing technology has come 
about, we w i l l  v i s i t  t he  arsenals  where t h e  various innovations or ig inated-- the  
Woolvich Arsenal in England, and t h e  Col t  fac tory  and Watertown Arsenal i n  the  
United Stntes--and the  people responsible fo r  them. !&at they thought abcut 
and !;hat they d id  i s  the s t o r y  of process control  i n  the  aetal-working ind:stry . 
I t  will become apparent,  a s  t h e  s t o r y  unfolds,  t h a t  process control  has evolved 
i n  a succession of epochs, each ch~c:::=tized by a fundamental s h i f t ,  or  "rev- 
o lu t ion,"  i n  the  organization of work and t h e  nature  of t h e  firm. The s to ry  i s  
t o l d  from t h e  perspect ive  of the  individual a t  a machine, where process conrrol  
i s  ef fec ted  and t h e  changes can be seen most v iv idly .  
The six epochs we have i d e n t i f i e d  are :  
(1) The invention of machine too l s  and the  English System of Nanufacrure (1600); 
( 2 )  Special  purpose t o o l s  and in terchangeabi l i ty  of components i n  t h e  American 
System of Manufacture (1850); 
(3)  S c i e n t i f i c  Hanagement and t h e  engineering of work in  t h e  Taylor System 
(1900) ; 
(4)  S t a t i s t i c a l  Process Control and t h e  dynamic world; 
(5) Information processing and t h e  e r a  of Numerical Control;  
(6 )  I n t e l l i g e n r  systems and Computer In tegra ted  Yanufacturing. 
Our d iscuss ion is divided i n t o  e ight  sec t ions ,  which deal  respect ively  with 
the  o r i g i n s  of t h e  f irearms indust ry ,  i t s  progression through each of these  s i x  
epochs, and our conclusions about t h e  nature  of t h e  progress t h a t  has bran made. 
I t  begins with Bere t ta .  
The f i r s t  change i n  t h e  technology of manufacturing firearms came some t h r e e  
hundred years a f t e r  Bere t ta  s t a r t e d  making guns. I t  came in t h e  form of t h e  
English System of Hanufacture, which was introduced a t  Bere t ta  consequent t o  
the  Napoleonic conquest of t h e  Venetian Republic and the  establishment of a 
s t a t e  run arms fac tory  a t  Brescia. 
Much of our understanding of how the  nature  of work changed with t h e  in t ro -  
duction of t h e  English system comes from a v i s i t  t o  t h e  shop of Henry Maudslay, 
in t h e  second sec t ion  of t h e  paper. Suf f i c i en t  records of t h i s  founder of t h e  
machine t o o l  indust ry  and t r a i n e r  of many an English mechanic exist t o  a l l o v  
us t o  form a p i c t u r e  of what the  workshop of t h e  l a t e  eighteenth and e a r l y  
nineteenth cen tu r i e s  looked l i k e .  
A v i s i t  t o  the  Colt Armory, i n  t h e  t h i r d  sec t ion  of t h e  paper,  i l luminates  
the  next hal f  century of progress.  Elihu Root, a t  t h e  Colt fac tory ,  brought t o  
a high s t a t e  of refinement a system of manufacture based or. t h e  notion of 
in terchangeabi l i ty  of p a r t s  and the  development and use of spec ia l  purpose ma- 
chinery. The "American System," a s  it was ca l l ed ,  was showcased a t  t h e  Crys ta l  
Palace Exhibit ion in 1851 and, v i t h i n  twenty years ,  had been adopted, i n  whole 
o r  in p a r t ,  by most of the  armories i n  Europe. Bere t ta  adopted the  e n t i r e  sys-  
tem, contrac t ing with t h e  American firm P r a t t  and Whitney t o  bui ld  a complete 
fac tory  i n  Gardone. 
In sect ion four,  we deal with the Taylor Systs:n, t~h ich  had profound impli- 
cat icns  not only fo r  the  firearms industry,  but fo r  a l l  of manufacturing. To 
explain the  changes brought about i n  the  v o r k p l ~ c e  by t h i s  system, we turn co 
Hugh   it ken's de ta i l ed  explication of the  introduction of the  Taylor System a t  
the  Watertown Arsenal. 
Company records fo r  Baratta a re  sketchy fo r  t h i s  period. We know t h a t  f o l -  
lowing the  F i r s t  World War, P ie t ro  Beretta comple:;:y renovated the  factory,  
introduced machinery compatible with the  innovation of high-speed too l  s t e a l ,  
and incorporated t h e  p r inc ip les  of s c i e n t i f i c  management as enunciated by Fay01 
and Taylor. We know l i t t l a  about how Taylorism was adopted by Beret ta ;  indeed, 
beyond such aggregate s t a t i s t i c s  as  t h e  p l a n t ' s  expansion t o  t h r e a  times i t s  
s i z e  and its rea l i za t ion  of a tenfold  increase in productivity over a period 
of f i f t e e n  years ,  we know l i t t l e  of Barat ta ' s  progress during t h e  Taylor e ra .  
The next threa  sect ions  deal with the  postwar epochs--the Dynamic World, the  
Numerical Control e r a ,  and t h e  dawning of t h e  age of Computer Integrated Hanu- 
factur ing.  A s  Beretta was by t h i s  time a leader i n  t h e  technology of arms man- 
ufacture,  the  discussions of these  epochs focus s p e c i f i c a l l y  on t h e  Beretta 
factory . 
Together, these l a t t e r  epochs cons t i tu te  a fundamental s h i f t  i n  t h e  paradigm 
of production--from a world view of managing material  procrssing t o  one of 
managing inte l l igence.  I t  is t o  t h i s  s h i f t ,  which heralds a rad ica l  departure 
in the  way we conceive of manufacturing and holds many lessons fo r  a l l  of metal 
fabr icat ing,  t h a t  we wish t o  draw the  reader ' s  a t t en t ion .  While the  expl icat ion 
of t h t  f i r s t  threa  epochs is in te res t ing  and es tab l i shes  a perspective on the  
evolution of process control ,  it is in promoting an understanding of the  nature 
and impact of the  l a t t e r  th ree  tha t  t h i s  paper makes its p r i n c i ~ a l  contribution. 
There is a consistency i n  t h e  circumstances of these  six epochs as  they were 
experienced by Beretta.  
(1) Each epochal change represented an i n t e l l e c t u a l  watershed as t o  how people 
thought about t h e  manufacturing problem. 
(2)  Host of t h e  gains in product ivi ty ,  qua l i ty ,  and process control  achieved 
by Beratta in its f i v e  hundred year h i s to ry  were real ized during the  as- 
s imila t ion of t h e  six epochal changes and vary l i t t l a  between them. 
(3) Each epoch en ta i l ed  the  introduction of a new system of manufacture; the  
machines, the  nature  of work, and the  organization a l l  had t o  change t o  meet 
a new technological challenge. 
(4)  It took about ten years t o  ass imila te  t h e  change incurred by each epoch. 
(5 )  Every change represented the  solut ion of a process control problem whose 
process variance was perceived t o  be highest.  
( 6 )  A l l  of t h e  changes were t r iggered by technology developed outside the  firm. 
It is obvious that each of the epochal changes would affect all of the metal 
fabricating industries, and they did. But by examining these changes at the 
level of the work station in a single firm concerned vith the manufacture of a 
single product, the firearm, ve can see their impact in sharpest relief and 
observe a consistency that suggests powerful lessons for the management of 
technology. Our objective in scrutinizing a variety of historical records is 
not to trace the origin of ideas in process control, or even the full impact 
of these ideas on manufacturing, but rather to analyze how they have affec:ed 
process variance--the measure of "out-of-contro1"ness that a process is de- 
signed to contain--and how the reduction of this variance has led towards a 
science of manufacturing. 
Let us begin with a product consisting of two or more metal components that 
must be bonded together. The manufacture of such a product will entail two 
processes, (1) a metal-fabricating process in which the individual components 
are formed, and (2) an assembly process in which the separate components are 
brought together. For purposes of this paper, it will suffice to say of the 
latter that it consists in a sequence of operations in which two or more cor- 
ponents are selected, located, fitted, and bonded together. In following the 
evolution of process conzrol, we are principally concerned with the former OF- 
eration, metal-fabricating. 
The purpose of a metal-fabricating process is to bring about a transforma- 
tion, according to closely prescribed specifications, in the form, physical 
characteristics, or finish of a metal component. A measure of the effectiveness 
of a process is the ability of the set of people, machines, and procedures t t ~ t  
impinge upon it to meet the specifications established for the component the 
process is intended to produce. Some degree of variation is implicit, inasmuch 
as the performance of a process is never perfect. S0urct.s of variation can lie 
in people, machines, and procedures, as well as in the object being fabricated. 
Control of variation is process control. Thus, the study of process control 
is the study of the kinds of variances that can occur, the sources of thesc 
variances, and the means by which they can be managed. A measure of the effec- 
tiveness of process control is the degree to which variances are rcinimized. 
In measuring the characteristic being transformed for a specific lot of 
components produced by a particular process, the frequency of occurence for a 
given measure will follow the distribution in Figure 1. The mean of the dis- 
tribution, the standard deviation, and the desired standard of performance are 
of interest to us. The difference between the mean and the desired standard 
tells us how close we have come to satisfying our requirements; it is a measure 
of the accuracy of the process. The standard deviation, as e measure of 
dispersion, tells us to what degree the process is capable of repeating the 
desired performance; the smaller the dispersion, the more capable the process 
is of repeating the desired performance. It is e measure of precision, and is 
due to limits in the ability both of a machine to execute identical performances 
and of the persons and procedures that direct the machine. Variance due to ma- 
chines is defined as repeatability, variance due to people and procedures, 
reproducibility. 
FREQUENCY OF A GIVEN MEASURE - 
a 
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Figure  1: Frequency of occurence f o r  a  given measure. 
I f  we measure, f o r  t h e  same component a s  above, t h e  means and s tandard  de- 
v i a t i o n s  f o r  s e q u e n t i a l  l o t s ,  we would f i n d  t h a t  over time t h e  mean of t h e  
process  keeps changing. The s tandard  dev ia t ion  of t h e  mean of t h e  p rocess ,  de- 
fined as t h e  s t a b i l i t v  of t h e  p rocess ,  i s  a  measure of hov v e l l  it performs over 
t ime .  Sysrer: var iance  i s  t h e  ne: var iance  due t o  eccurecy,  precls ior . .  
r e ~ r o d u c i b l l i t y ,  and s r a b i l i t y .  
A l l  of t h e  measures of variance assume tha t  rie have not made any adjustnents 
t o  the  process.  In  p r a c t i c e ,  we always make adjustments t o  a  process when 
something goes wrong, and a  process t l ~ s t  accorn~nodates such adjustments i s  ob- 
viously des i r ab le .  Accuracy, as we noted e a r l i e r ,  i s  the  sys temat ic  b ias  in a  
process,  s t a b i l i t y ,  t h e  manner in  which t h a t  b ias  s h i f t s  over time. To the ex- 
t e n t  t h a t  we can adjus t  t h e  process we can co r rec t  t h e  b ias  and bring it c lose r  
t o  t h e  des i red  standard.  The capab i l i ty  of a  process t o  make dynamic adjustments 
and co r rec t  f o r  b i a s  is termed a d a p t i b i l i t y .  A measure of a d a p t i b i l i t y  is t he  
variance between system variance and variance in r epea tab i l i t y .  
The requirement f o r  adap tab i l i t y  is q u i t e  d i f f e r e n t  depending on whether we 
want t o  make one component o r  a  l a rge  number of i d e n t i c a l  components. To be 
adaptable with a  sample of a  s i n g l e  component a  process must have a  high degree 
of accuracy. Yore important i n  a  process f o r  producing l a rge  numbers of iden- 
t i c a l  components a r e  precis ion and s t a b i l i t y ,  as  we can compensate f o r  accuracy 
by making adjustments. The g rea te r  t h e  s t a b i l i t y  of a  process,  t h e  l e s s  f r e -  
quently it w i l l  have t o  be adjusted.  
Before proceeding with our discussion of t h e  evolution of process con t ro l ,  
we need t o  def ine  one f u r t h e r  not ion,  t h a t  of v e r s a t i l i t y .  Inasmuch as  it has 
nothing t o  do with variances i n  product c h a r a c t e r i s t i c s ,  v e r s a t i l i t y  i s  qu i t e  
d i f f e r e n t  from t h e  notions discussed above, ye t  it has important implications 
fo r  process con t ro l .  V e r s a t i l i t y  is t he  a b i l i t y  of a  process t o  accommodate 
v a r i e t y  in process s p e c i f i c a t i o n s .  A s  grea te r  v e r s a t i l i t y  usual ly  r e f l e c t s  
g rea te r  complexity i n  a  t a s k ,  t h e  sources of variance can be expected t o  in-  
crease.  
A s  we s h a l l  s e e ,  t h e  s i x  epochs represented attempts t o  t ack le  s p e c i f i c  
problems in t he  management of system variance--accuracy, p r e c ~ s i o n .  
r ep roduc ib i l i t y ,  s t a b i l i t y ,  v e r s a t i l i t y ,  and adap tab i l2 . t~ .  I t  w i l l  become ap- 
parent t h a t  t h e  ethos of process control  required t o  manage each of these  is 
q u i t e  d i f f e r e n t .  I t  is extremely d i f f i c u l t  f o r  a  firm t o  manage t h e  conf l i c t ing  
demands of two successive process control  paradigms; t h e  management of tech- 
nology requires  a  quick t r a n s i t i o n  from one t o  another.  
We w i l l  s h o r t l y  examine t h e  relat ioxiship between technology and work i n  each 
of t h e  s i x  epochs, a t tending c lose ly  t o  Table 1 (A-C), which summarize some of 
our f indings  along dimensions t h a t  w i l l  hopefully provide some ins igh t  i n t o  t h e  
nature  of these  epochal s h i f t s .  



GUN-PUKING IN GARDONE -- THE FIRST THREE CENTURIES 
For three  hundred years a f t e r  i ts  inception gun-making i n  Gardone changed 
l i t t l e .  But elsewhere, spurred by the development of machine too l s  in t h e  
l a t t e r  par t  of t h e  eighteenth century, innovations were introduced in both the  
techniques and organization of work involved in gunsmithing. By contras t ing 
the  practices re la ted below t o  those described in t h e  subsequent sections on 
the  English and American systems of manufacture we can begin t o  understand the  
changes t h a t  Gardone had t o  catch up with. 
In t h e  1880s in Gardone locking mechanisms were made in shops t h a t  were 
l i t t l e  changed from those of th ree  hundred years e a r l i e r .  The three  p la tes  in 
Figure 2 , '  taken from Diderot 's  Encyclopedia, show t h e  shops and the  kinds of 
tools  and measuring instruments then in use. Although t h e  shop i l l u s t r a t e d  in 
the  p la tes  was where assembly was done, shops t h a t  fabricated components would 
not have looked much d i f fe ren t .  There would be a forge t o  make small components 
and a crude d r i l l i n g  machine, but there  would be no planer machines t o  do metal 
cut t ing.  Hammers, ch i se l s ,  and f i l e s  were the  pr incipal  t o o l s ,  ca l ipe r s  and 
wooden rules  the  only measuring devices. 
Shops kept models of locking mechanisms from which the  craftsmen worked, 
constantly comparing the  component being manufactured with the  model. Compo- 
nents were hind forged. ' i led  t o  shape, f i t t e d  together ,  and then hardened. Thc 
bulk of the  work in tie:;? shops consisted in f i l i n g  and f i t t i n g  pieces.  The 
assembly process was imprecise, a matter of repeated t r i a l  and e r ro r  and ad- 
justment. 
Although models were f a r  and away t h e  primary means by which a r t i sans  com- 
municated drsign i n t e n t ,  some designs were repl icated in primitive drawings, 
which c i rcula ted among the  masters. The engravings shown in Figure 3 are  from 
the  introductory p la tes  of Verschiede Stucke Fur Buchsenmacher by Johann 
Christoff Weigel, probably t h e  most widely c i rcula ted and in f luen t i a l  gun design 
book of t h e  span 1650-1750.' The drawings a r e  remarkable in t h a t  they carry no 
specif icat ions  or  dimensions. Only design in ten t  and funct ional i ty  a r e  commu- 
nicated, the  in te rp re ta t ion  of t h e  design by t h e  m u t e r  serving as t h e  basis  
fo r  construction of the  mechanism. 
' Diderot 's Encyclopedia, Arquebusier ." pla tes  11. 111, IV. Reproduced cour- 
tesy of the  Kress Library of Business and Economics, Baker Library, Harvard 
Business School. 
' Verschiedene Stucke Fur Buchsenmacher, 1702. Originally in Plusiers  Models 
des plus nouvelles manieres qui sont en usage en 1'Art d'Arquebuzerie, 
Paris,  1660. Reproduced from Diderot 's  Encyclopedia, "Arquebusier." p la tes  
V ,  VI, courtesy of the  Kress Library of Business and Economics, Baker Li- 
brary,  Harvard Business School. 
Figure 2: Early shop, t o o l s ,  and measuring instruments for gun-making. 


Figure 3:  Early gun design drawings. 

Internat ional  d i s t r ibu t ion  of designs for  gunsmithing dates t o  1635, the year 
of publication of the  f i r s t  book of patterns by Phi l l ipe  Daubigny. The custom 
pro l i fe ra ted  rapidly in France and, a f t e r  about 1700, in Germany as   ell. I t  
was the  German books tha t  exercised a strong influence in Brescia. By the  end 
of t h e  f i r s t  quarter of the eighteenth century, the  c lass ica l  Brescian designs 
had been abandoned by gunmakers i n  favor of the  new fashions then dominant in 
Germany and Austria. Brescian gurmakers adanted not only German gun archi tecture  
and external s t ruc tu re ,  but a l so  German mechanisms. 
Production involved t h e  master, the  model, and a s e t  of ca l ipe r s .  I f  there  
were drawings, they indicated only rough proportions and functions of coapo- 
nents. Uasters and millwrights,  being keenly aware of the  function of the  
product, oriented t h e i r  work toward proper f i t  and intended funct ional i ty .  F i t  
among components was important, and the  master was t h e  a r b i t e r  of f i t .  Appren- 
t i c e s  learned from masters the  c r a f t  of using too l s .  Control was a developed 
s k i l l ,  which lay in t h e  eyes and hands of the  millwright. 
A master's shop employed about eight people. Annual production was about 260 
locking mechanisms. Although the  pace of work was usually q u i t e  l e i su re ly ,  the  
productivity of these shops could as much as  quadruple during peaks of demand. 
Whereas barre l  making shops were functionally focused and organized around 
f i v e  c lasses  of wozkmen--forgers, borers,  smoothrrs, Zi lers ,  and 
finishers--shops engaged in the  construction of locking mechanisms had a product 
focus. The work in these shops consisted in  bringing the  components together 
and obtaining the  -right f i t .  Everyone in the  shop was involved in a l l  stages 
of the  production process, which consisted of forging, f i l i n g ,  f i t t i n g ,  and 
polishing. A s  the pr incipal  a c t i v i t y ,  f i t t i n g ,  involved f i l i n g  and f i t t i n g  two 
o r  more components and polishing t h e  composite workpiece, we see  t h a t  the  fab- 
r i ca t ion  of components and t h e i r  assembly were c losely  intertwined. 
Given the  organ-zation and a c t i v i t y  of these  shops, what can we say about 
system variance? Note t h a t  the  construction of locking mechanisms a t  t h i s  time 
involved only the use of hand tools  and v i ses .  There were oo j igs  t o  properly 
align o r  locate components. With no machinery t o  speak o f ,  considerations of 
precision and s t a b i l i t y  a r e  moot. Reproducibility accounted for  a11 system 
variance, which was very high. With only cal ipers  and wooden scales ,  and control 
t o t a l l y  in t h e  hands of t h e  craftsman, the  standard deviation of e r ro r  was as 
large as  one-sixteenth of an inch. 
With such high variance,  one cannot th ink of the  manufacture of a number of 
items together,  only of the  making of each individual item. The f i t  between 
mating components is impossible t o  achieve without having both physically 
present.  Accuracy is achieved here through the  adaptabi l i ty  of the  craftsman 
in  appropriately adjusting t h e  contours. 
Note two important aspects of the  process we have been examining. 
(1) An assemblage of components was r e q u i r e d t o  fabr ica te  and assemble a s ing le  
product. The craftsman had t o  view each item independently of other  items. 
( 2 )  Thc measure of s k i l l  lay i n  degree of a d a p t i b i l i t y ,  i . e . ,  t he  a b i l i t y  of  
the  craftsman, or  opera tor ,  t o  adjus t  t o  a wide va r i e ty  of condi t ions ,  and 
the speed of adjustment necessary t o  obtain t h e  required accuracy. The speed 
of adjustment between high s k i l l  and low s k i l l  could be as la rge  as four 
t o  one. 
With adap tab i l i t y  of t h e  operator being s o  important, it vas only na tu ra l  
t h a t  managerial response was d i r ec ted  towards increasing s k i l l s  and maintaining 
a s k i l l e d  workforce. Systems t h a t  developed adaptive s k i l l s  f lour ished,  and the  
master-journeyman model survived fo r  many centur ies .  
A s  adaptive s k i l l s  a r e  r e a l l y  contingent responses t o  a wide va r i e ty  of work 
condit ions,  procedures cannot r ead i ly  be t r ans fe r red .  A journeyman had t o  learn  
by observing t h e  indiosyncra t ic  behaviors of the  master. The master could solve  
t h e  most d i f f i c u l t  of problems, and fashioned each product such t h a t  q u a l i t y  
was inherent in i t s  f i t ,  f i n i s h ,  and func t iona l i ty .  
I t  should be noted t h a t  a d a p t i b i l i t y  is a response t o  the  i n a b i l i t y  of a 
process t o  obta in  adequate accuracy, precis ion,  r ep roduc ib i l i t y ,  and s t a b i l i t y .  
Thus it is a symptom of a deeper problem. Process improvement e n t a i l s  e l imi-  
nating t h e  need f o r  adap tab i l i t y  and thus  the  very s k i l l s  of the  master.  Suf- 
f i c e  it t o  say ,  f o r  t h e  moment, t h a t  t o  reduce system variance a t  t h i s  s tage  
it would be necessary t o :  
(1) introduce more accurate measuring instruments so t h a t  one could ob ta in  
constant  feedback on t h e  s t a t e  of the  product and thereby strengthen adap- 
t ive  response ; 
(2)  devise too l s  t h a t  would lend g rea te r  con t ro l ,  and thus ,  p r e c i s i ~ n ,  t o  t h e  
process of metal cu t t ing ;  and 
( 3 )  simplify product designs t o  reduce variance due t o  reproducibi l i ty .  
A fundamental s h i f t  in the  focus of technological  a t t e n t i o n  i s  inherent in  a l l  
these  requirements. 
THE EYGLISH SYSTEM OF ElANUFACNRE 
The machine t o o l  industry was born i n  England in t h e  l a t e  eighteenth and 
ea r ly  nineteenth centuries through the  agency of English mechanics who devised 
too l s  t h a t  added greater  precision t o  the  process of metal cu t t ing  and int ro-  
duced accurate measuring instruments t h a t  helped them achieve a high c lass  of 
workmanship. The building and use of too l s  was t h e  focus of t h e i r  a t t en t ion .  
The too l s  themselves, being general purpose, could be used t o  fabr ica te  a va- 
r i e t y  of workpieces. The apprentices who t ra ined i n  t h e  shops of the  great  
English mechanics were much sought a f t e r ,  many having become s k i l l e d  i n  the  use 
of instruments and machines. Their s k i l l s  being applicable t o  the  building of 
many d i f fe ren t  workpieces, apprentices focused on t h e  too l s  they used ra the r  
than on the  products they fabricated. 
With the  development of machine t o o l s ,  the  funct ional i ty  of a product could 
no longer be viewed together with the  process used t o  make it. With t h e i r  sep- 
ara t ion,  the  process took on a l i f e  of i ts  own, enabling process improvements 
t o  be made independently of product contra ints .  This was the  i n t e l l e c t u a l  leap 
t h a t  freed the  development of technology from t h e  constra ints  of the  product. 
Once it occurred, the  flovering of technology was very rapid. Within f i f t y  
years,  the  technological landscape was revolucionized. The seeds of che new 
system of manufacture tha t  would u t i l i z e  the  new technolgy were sown by a young 
mechanic, Henr: Elaudslay, rho worked a t  the  Woolwich Arsenal. 
Tools fo r  the  Woolwich ~ r s e n a l  
The too l s  being b u i l t  by Maudslay around 1789 were a source of great  wonder 
t o  h i s  fellow workers. A L ~ r n  craftsman, whose s k i l l  was the  pride of the  e n t i r e  
shop, Mauds lay supplemented dex te r i ty  with an i n t u i t i v e  power of mechanical 
analysis and a sense of proportion possessed by few men. He exhibited a genius 
fo r  accomplishing h i s  ends by the  simplest and most d i r e c t  means. 
Of a l l  h i s  phenomenal achievements, Maudslay is  best  known fo r  t h e  develop- 
mant of t h e  s l i d e  r e s t ,  and i ts  combination with a lead r c r w  operated by change 
gears (Figure 4) .' One of the  great  inventions of his tory,  it i s  used in almost 
every machine too l .  
Like most great  inventions, t h e  s l i d e  r e s t  was a product of many minds. 
Leonardo da Vinci had made crude drawings of it. Besson's screw cu t t ing  l a the ,  
' I l l u s t r a t e d  Machine-Tools of 1885 (Manteno, I l l .  : Lindsay Publications,  
1981), 60-61. From Hutton, F. R . ,  Report on Machine-Tools and Wood-Working 
Machines (Washington: Government Pr int ing Office,  1885). 
Figure  6: The s l i d e  r e s t ,  c i r c a  1885 
b u i l t  i n  1569, shods a lead  screw.'  An i l l u s t r a t i o n  of  an e a r l y  s l i d e  r e s t ,  
shown a s  Fi.3ure 5 ,  is t aken  from Diderot  ' s  Encyc'.opedia. ' Samuel Bentham an- 
t i c i p a t e d  t h e  combination of  s l i d e  r e s t  and l e ad  s, rew opera ted  by change 
g e a r s . '  "When t h e  motion is  of a r o t ~ t i v e  k ind ,"  bentham wrote i n  h i s  1793 
p a t e n t ,  "advancement (of  t h e  t o o l )  may be provided by hand, y e t  r e g u l a r i t y  may 
be more e f f e c t u a l l y  i n su red  by t h e  a i d  of  mechanism. For t h i s  purpose one ex-  
pedien t  is  t h e  connec t ing ,  f o r  i n s t ance ,  by cogged wheels ,  of t h e  advancing 
motion of t h e  p i ece  w i th  t h e  r o t a t i v e  motion of t h e  too l . " '  But it was t o  
' Woodbury, R .  S . , Stud i e s  in t h e  H i s to ry  of Machine Tools ,  "History of  t h e  
Lathe t o  1850" (Cambridge, Mass. : The H.I.T. P r e s s ,  1972), 56. 
' Dide ro t ' s  Encyclopedia, "Tourneur," p l a t e  XXXVII. Reproduced cou r t e sy  of  
t h e  Kress Library  of  Business and Economics, Bakei L ib r a ry ,  Harvard Business 
School. 
' Roe, J. W . ,  Engl i sh  and American Tool Bui lders  (New York: HcGraw-Hill, 
1926), 38. 
See B r i t i s h  pa t en t  r e co rds .  Pa t en t  No. 1951, da t ed  Apr i l  23, 1793. 
. ; / O I N ~  e t~r ,  L e ~ ~ ~ - 1  .rw . 
Figure 5 :  An early form of the slide rest.  
Haudslay tha t  the  d i s t i n c t i o n  of actual ly  designing and developing the  f i r s t  
poc;er-driven and controlled la the  f e l l .  
To take the  place t h a t  it did in industry,  the l a the  had t o  possess a number 
of features ,  enumerated by Robert Woodbury below, which Uaudslay was able t o  
t o  synthasize. 
An indus t r i a l  l a the  must have: f i r s t ,  t h e  a b i l i t y  t o  machine an iron o r  
s t e e l  workpiece of a subs tan t i a l  indus t r i a l  s i z e .  In  order t o  meet t h i s  
requirement t h e  l a the  must i t s e l f  normally be made of i ron o r  s t e e l  and have 
its various pa r t s  of dimensions such t h a t  it can withstand the  s t resses  s e t  
up in it by cu t t ing  the  farrous metals. . . . 
Second, t h e  indus t r i a l  la the  must a l so  be s-upplied with a source of power 
and means o f . i t s  transmission t o  the  workpiece and t o  the  cu t t ing  tool  ad- 
equate fo r  cu t t ing  i ron and s t e e l  a t  r a t e s  which a r e  economical. This re-  
quires a s u i t a b l e  headstock spindle with means fo r  its dr ive ,  and a t o o l  
carr iage with its feed. 
Third,  the  indus t r i a l  l a the  must i t s e l f  be constructed with adequate 
r i g i d i t y  ant1 precis ion s o  t h a t  it is  capable of producing a precision nearly 
equal t o  its oc;n in the  workpieces turned upon it. . . . Rigidi ty  in a la the  
i s  provided p a r t l y  by t h e  material  of which it is made and p a r t l y  by the  
design of i t s  p a r t s ,  but precision depends a lso  upon the  accurate con- 
s t ruc t ion  cf c e r t a i n  of i ts  features ,  especia l ly  the  spindle  bearings, t h e  
guideways, md t h e  lead screw. The prrc is ion actual ly  needed in the  indus- 
t r i a l  1a:hc a t  any given period is somewhat g rea te r  than t h a t  required f o r  
the  work t o  be done on it. 
Fourth t h e  indus t r i a l  l a the  must have f l e x i b i l i t y .  Only a few machine 
shops in.t!e mid-19th century could afford t o  have specia l ized machine 
too l s ,  such as  a boring engine, a screw-cutting machine, o r  a gear-cutting 
machine. Uost shops had t o  depend upon a l a the ,  a planer o r  shaper, and a 
d r i l l i n g  machine. . . . To achieve f l e x i b i l i t y  the  l a the  needs a t  l e a s t  
change gears f o r  both screw cu t t ing  and longitudinal feed of the  too l ,  cone 
pulleys o r  some other  means of varying t h e  speed of t h e  workpiace and t h e  
cu t t ing  r a t e ,  a s l i d i n g  t a i l s t o c k  t o  take work of d i f fe ren t  lengths, and a 
chuck o r  a face p l a t e  f o r  boring o r  fo r  o ther  turning not poss ible  with t h e  
workpiace mounted batwean canters.  ' 
The machine t h a t  Uaudslay b u i l t  in 1800 (Figure 6)' w a s ,  according t o  Roe, 
"d i s t inc t ly  modern in appearance. I t  has a subs tan t i a l ,  wall-designed, 
cas t - i ron bad, a lead s c r w  with 30 threads t o  the  inch, a back r e s t  fo r  
steadying t h e  work, and was f i t t e d  with 28 change wheels with t e e t h  varying in 
' Woodbury, R. S . ,  Studies in the  History of Uachine Tools, "History of t h e  
Lathe t o  1850" (Cambridge, Uass. : The U. I.T. Press,  1972), 96-97. 
' Ibid . ,  104. From B r i t i s h  Crown Copyright, Science Uuseum, London. 
number from 15 t o  50."" ~ l a u d s l a ~  b u i l t  la thes  f o r  screw cu t t ing  on which he 
cu t  some of t h e  bes t  screws t o  t h a t  time. One of these  'bas  p r inc ipa l ly  used 
fo r  d iv iding s c a l e s  for  astronomical and other  metrical  purposes of the  highest  
c l a s s .  By i ts  means d iv i s ions  were produced with such minuteness t h a t  they could 
only be made v i sua l  by a microscope. "l  
H i s  many inventions notwithstanding, naudslay's importance l ay  l e s s  in  the  
development of machines than in the  founding of t h e  machine t o o l  indust ry  and 
t h e  r ad ica l  transformation of shop f l o o r  p rac t i ce .  "I bel ieve  it may be f a i r l y  
advanced," wrote Hol tzapffe l ,  "that  during t h e  period from 1800 t o  1810, Mr. 
naudslay ef fec ted  near ly  t h e  e n t i r e  change from t h e  o ld ,  imperfect ,  acc identa l  
p rac t i ce  of screw making t o  t h e  modern, exact ,  systematic mode now genera l ly  
f o l l w e d  by engineers.  " l' 
" ~ a u d s l a y ' s  standard of accuracy," Roe observes, "carr ied  him beyond t h e  use 
of calipers."" In  h i s  workshop, naudslay kept a highly accurate bench micro- 
meter, which he r e fe r red  t o  as "The Lord Chancellor." About s ix t een  inches 
long, t h e  micrometer had two plane jaws and a hor izonta l  screw, a s c a l e  gradu- 
a ted  in inches and tenths  of an inch, and an index d i sk  on t h e  screw graduated 
t o  one hundred equal p a r t s .  "Not only absolute  measure could be obzained by t h i s  
means," remarked Nasmyth, "but a l so  t h e  amount of minute d i f ferences  could be 
ascer ta ined with a degree of exactness t h a t  went q u i t e  beyond a l l  t h e  require- 
ments cf  engineering mechanism; such, f o r  ins tance ,  a s  t h e  thousandth p a r t  of 
an inch.""' 
Nasr t h  fu r the r  observed t h a t  "the importance of having S:andard Planes 
caused him ( i . e . ,  naudslay) t o  have many of them placed on t h e  benches beside 
h i s  workmen, by means of which they might a t  once conveniently t e s t  t h e i r  work. 
. . . 'Axis a r t  of producing absolute ly  plane surfaces  is, 1 bel ieve ,  a very o ld  
mechanical 'dodge. ' But, a s  employed by naudslay's  men, it g r e a t l y  contributed 
t o  the  improvement of t h e  work turned out .  I t  was used . . . wherever absolute 
t r u r  plane surfaces  were e s s e n t i a l  t o  t h e  attainment of t h e  bes t  r e s u l t s ,  not 
only in t h e  machinery turned out ,  but  in educa t ing the  t a s t e  of h i s  men towards 
f i r s t - c l a s s  workmanship. "l'  Whitworth would l a t e r  a s s e r t  "the vas t  importance 
of at tending t o  t h e  g rea t  elements in const ruct ive  mechanics,--namely, a true 
l a  Roe, J. W . ,  English and American Tool Builders (New York: HcGraw-Hill, 
1926). 41. 
' Autobiography of James Nasmyth (London, 1883). 140. 
" Holtzapffe l ,  Vol. 11, 647. 
l' Roe, J. W . ,  English and American Tool Builders (New York: McGraw-Hill, 
1926). 45. 
l b  Autobiography of James Nasmyth (London, 1883), 150. 
l a  Ib id . ,  148-149. 
Figure 6: ~ a u d s l a y ' s  l a t h e ,  c i r c a  1800. 
plsna and the  power of measurement. The l a t t e r  cannot be a t t a ined  without t h e  
former, which is, t he re fo re  of primary importance. . . . A l l  excellence in 
workmanship depends upon it. "I6 
This t a s t e  f o r  accuracy and workmanship was tlaudslay's l a s t i n g  legacy. 
Through h i s  workshop, which employed seve ra l  hundred man at one t ime, passed 
near ly  t h e  e n t i r e  c o t e r i e  of g rea t  machine t o o l  bu i lde r s .  Clement, Roberts, 
Whitworth. Nasmgth, Seaward, t luir ,  and Lewis showed, throughout t h e i r  l i v e s  and 
i n  a marked way, tlaudslay's influence upon them. The methods and standards of 
Maudslay and F ie ld ,  spread by t h e  former's workmen i n t o  t h e  var ious  shops of 
-land, made world leaders of English tool -bui lders .  
Under t h e  leadership  of the  "tlaudslay man," a l l  of t h e  g rea t  metal-working 
machine t o o l s  achieved a form t h a t  remained e s s e n t i a l l y  unchanged f o r  near ly  a 
" Pres iden t i a l  Address. I n s t i t u t i o n  of Uechanical Engineers (1856) .  125 
century. England enjoyed unquestioned leadership in the  machine tool  industry,  
supplying ncarly a l l  of the  machine tools  used i n  France and Germany, whose own 
machine tool  development lagged a generation o r  two behind. 
The influence of t h e  English mechanics was not limited t o  t h e  building of 
machinery. Their mode of apprenticeship had produced a cadre of individuals rho 
conceived a new system of manufacture, a system whose foundation res ted on He- 
chanical Engineering and whose roots lay i n  pr inciples  of measurement and ac- 
curacy and t h e  a b i l i t y  t o  meet tolerances.  Theirs was not a s k i l l  based on 
knowledge of the  functions required t o  manufacture a spec i f i c  product, but 
ra ther  knowledge of too l s  and of s c i e n t i f i c  pr inciples  of measurement s k i l l s .  
These s k i l l s ,  and the  general-purpose machine tools  being produced a t  the  time, 
could be applied t o  a va r ie ty  of products. The accuracy, precision, and pro- 
duct ivi ty  of general purpose machine too l s  was g rea te r  than t h a t  of hand too l s  
and other product s p e c i f i c  tools  then i n  use in t h e  various industr ies .  T h i s  
system of manufacture quickly came t o  predominate in  machine shops i n  England 
and soon spread throughout t h e  r e s t  of Europe. 
The Engineering Drawing 
The engineering drawing, as a medium of communication in  engineering work, 
did not ex i s t  p r io r  t o  1800. Engineering work was defined by a physical model 
of a product t h a t  was t o  be reproduced. In the  manufa-ture of a r i f l e  ba r re l .  
fo r  example, a worker would ensure t h a t  the  dimensions of the  ba r re l  he was 
working on corresponded t o  those of a model ba r re l  by using ca l ipe r s  t o  t r ans fe r  
measurements from one t o  t h e  other.  Because each workc needed h i s  own model 
barre l  t o  work from, the  greater  the  number of worker: a shop had, the  greater  
the  number of model ba r re l s  it had t o  supply. A s  it was impossible, given the  
standards of accuracy of t h e  time, t o  make a l l  model ba r re l s  iden t i ca l ,  t h e  
manufactured ba r re l s ,  too,  were a l l  d i f fe ren t .  
La Geometric descr ipt ive ,  writ ten by G.tspard Monge i n  1801, was t h e  f i r s t  
formal t r e a t i s e  on modem engineering drawings. In  it, Honge developed the  
theory of projecting views of an object onto th ree  mutually perpendicular co- 
ordinate planes (such as are  formed by the  f ront .  s ide ,  and top of a cube) and 
than revolving the  horizontal  (or top) and p r o f i l e  (or  s ide )  planes onto t h e  
same plane as t h e  v e r t i c a l  ( f ront)  plane. The fundamental theory of a l l  
orthographic (mutually perpendicular) projection is  derived from t h e  descrip- 
t i v e  geometry of Monge. 
Monge shoved h w  drawings need t o  be dimensioned. Dbensions,  the  s i z e  
specifica:ions added t o  the  shape descr ipt ion as provided by the  orthographic 
dravings, consisted of t h e  numerical values of the  measurements di rected t o  t h e  
proper location on the  pa r t  and the  relevant surfaces o r  locations on the  ob- 
j ec t .  For drawings t o  replace models as  a medium of communication, one needed 
accurate measuring instrumants. The English system of manufacture, with i ts  
basis  in measure, created a var ie ty  of such instruments. 
Together, mechanical drawings and the  English system a l t e red  the  organiza- 
t ion  of work. With an objective standard of performance (a  mechanical drawing). 
which was the  same fo r  every worker, models were no longer needed. Work could 
be compared t o  the  desired standard using an objective measure of performance, 
the  micrometer (>laudslay's "Lord Chancellor"). The master was no longer needed 
for  guidance o r  approval; t h e  worker could obtain the  former from a drawing and 
ver i fy  h i s  work with t h e  appropriate measuring instrument. 
With c l e a r  specif icat ions  of what is  required and an object ive  standard with 
which t o  compare performance, we would expect system variance due t o  accuracy 
t o  be markedly reduced. With workmanship a prized object ive  and no longer 
product s p e c i f i c  (a  workman t ra ined t o  turn  out a metal sha f t  fo r  a horse-drawn 
carr iage could now turn out a r i f l e  barre l  a s  we l l ) ,  we would expect the  guild 
systom t o  collapse.  A s  workers needed no longer be ingrat ia ted t o  a master, but 
were f r e e  t o  leave as  soon a s  they had developed the  necessary s k i l l s ,  we would 
expect t o  see a market develop fo r  s k i l l e d  labor. We w i l l  see  a11 of these  things 
happen a t  Beretta.  What the  merchants of Brescia and Venice and t h e  Doges man- 
aging t h e  Venetian Arsenal could not do, the  mechanical drawing and micrometer 
achieved in a span of f i f t e e n  years.  
Gardone Shops f o r  Barrel-Making 
Gardone became par t  of t h e  Napoleonic French republic on 21 September 1792.  
A s  the  re*rolution had deprived the  French ar is tocracy of p o l i t i c a l  and economic 
power, s o  t h e  Napoleonic e r a  had a profound e f f e c t  on Gardone gunsmithing. 
The cooperative a r t i s a n  organization of Gardone, considered "antidemocratic" 
by t h e  francophile municipal au thor i t i e s ,  had been completefp dismantled. 
Anyone c. ~ l d  now engage in t h e  various professions,  o r  "a r t s ,  c f  barrel-making. 
The ba-rrl-master under t h e  gui ld  s t ruc tu re  was, under the  English system, re- 
placed t y  t h e  machine operator.  Under t h i s  system, each person was responsible 
fo r  a11 aspects of making a component. 
The t ~ g l i s h  system of manufacture introduced t o  Beretta during the  French 
occupation transformed the  arms fac to r ies  in Brescia. The French had found t h a t  
with drawings and general purpose machines they could have one large factory 
instead of many small shops. The new. state-owned arms factory es tabl ished i n  
Brescia t o  maintain the  supply of arms t o  t h e  French axmy was furnished with 
t h e  l a t e s t  machinery, imported from France, and operated under the  factory 
s y s t m  of production. For t h e  f i r s t  time, the  masters had t o  contend with a 
rad ica l ly  d i f f e r a n t  technology and organization of work. Uarco Cominassi writes 
of t h e  factory: 
The work force of the  Imperial-Royal Factory in Gardone cons i s t s  of 180 
s k i l l e d  workers, not counting apprentices o r  the  woman who work there;  to -  
gether they could produce two thousand bar re l s  a month. A huge building, 
property of t h e  public t reasury,  serves as  t h e  residence of t h e  supervisors 
and agents, and of t h e  captain when he comes here from Brescia; here,  too,  
t h e  i ron t h a t  is advanced t o  the  workers is given out ,  and where they bring 
t h e  finished product. The ba r re l s  a r e  proved in t h e  presence of t h e  captain.  
The work is divided up among f ive  c lasses  of craftsmen, ca l l ed  the  
forgers ,  the  borers,  the  smothers ,  the  f i l e r s  and t h e  f in i shers .  Each of 
these  groups e l e c t s  a  leader who re t a ins  o f f i c e  f o r  th ree  years ,  and l ives  
in Gardone without ceasing t o  p a r t i c i p a t e  in t h e  work; these leaders ,  under 
t h e  presidency of t h e  capta in ,  form t h e  adminis t ra t ive  council  of t h e  fac-  
tory .  
The forgers  receive t h e i r  i ron  in f l a t  rectangles pu r i f i ed  under the  
drophammer; they wrap it around the  mandril by force  of f i r e  and hammer s o  
t h a t  t h e  two long edges a r e  fused together  and form a  b a r r e l .  . . . 
The ba r re l  having been roughed out and c e r t i f i e d  as perfec t  by a  super-  
v i so r ,  it passes on t o  t h e  borers ,  who use water-driven machinery (see  
Figure 7 )  I 7  t o  c lean out  the  sca ly  bore with rough c i r c u l a r  f i l e s ,  f i r s t  
n a r r w ,  then of ever g rea te r  diameter, u n t i l  t he  required s i z e  is reached. 
But s ince  t h e  borers cannot make the  bore pe r fec t ly  cy l ind r i ca l  with t h e i r  
instruments,  t h e  b a r r e l  passes next t o  t h e  smoothers, who sub jec t  it t o  
s u b t l e  and careful  labours.  The e i t e r n a l  f i n i s h  is then ent rus ted  t o  t h e  
f i l e r s  who, with a  d i l igence  t h a t  is p a r t l y  a  spec ia l ty  of t h i s  f ac to ry ,  
reduce the  b a r r e l  t o  f i n a l  shape by bringing in i n t o  contact  with a  l a rge  
water-powered sanding d i s c .  Next comes t h e  pol ishing phase, done by t h e  
f in i she r s  with spec ia l  f i l e s ,  and f i n a l l y  the  f ine-pol ishing is done with 
various abrasives by t h e  women. The breechers,  those who f i t  t h e  s i g h t s  
and t h e  proofers c o n s t i t u t e  an appendix t o  the  f i v e  c l a s ses  of above-named 
craftsmen. '' 
The e f f e c t  of t h e  machinery and organizat ional  s t r u c t u r e  of the  state-owned 
f a c t o . 7  a t  Bresc. 3 was l i k e  a  shock t o  Gardone. The product iv i ty  of the  fac tory  
and t h e  q u a l i t r  c f  t h e  muskets it produced f o r  t h e  m i l i t a r y  f a r  exceeded t h a t  
of t h e  shops of t h e  Gardonese a r t i s a n s .  Artisans a t  t h e  state-owned fac tory  
were, with but th ree  years  of t r a i n i n g ,  turning out a  product f a r  scpe r io r  t o  
t h a t  being turn14d out by masters who had devoted a  l i f e t ime  t o  t h e i r  a r t .  Only 
the  mercanti le c l n t r a c t s  of Beretta kept t h e  masters in business a t  a l l .  Thei r  
markets i n  the  Levant were being l o s t  t o  French, English,  and Belgian compet- 
i t o r s .  I f  Beretta and t h e  o the r  shop owners were t o  remain viable ,  they would 
have t o  modify t h e i r  a c t i v i t i e s .  I t  would not be easy t o  ass imi la te  t h e  changes 
t h a t  had occurred in t h e  industy,  but t h e  Gardonese had l i t t l e  choice but t o  
t r y -  
P ie t ro  Antonio Bere t ta  a t t r a c t e d  a  number of newly t r a ined  a r t i s a n s  from t h e  
s t a t e  fac tory .  He purchased th ree  n w  machine too l s  and expanded t h e  scope of 
a c t i v i t i e s  v i t h i n  h i s  shop, which grew from eight  t o  f o r t y  people and enjoyed 
I 7  Morin, M . ,  and R .  Held, Beretta:  The world 's  o ldes t  i n d u s t r i a l  dynasty 
(Chiasso, Switzerland: Acquafresca E d i t r i c e ,  1980), 203. From _Treatise on 
Portable Firearms and Edged Weapons (Vienna: Imperial-Royal P r in t ing  Off ice  
of t h e  Court and S ta t e ,  1829), p l a t e s  111, V. 
" Ib id . ,  199-202. From "Notes on the  Arms Industry i n  Gardone i n  the  Trompia 
Valley," Giornale (Imperial-Royal Lombard I n s t i t u t e  f o r  Science, Le t t e r s  
and Art ) .  
Figure 7: A Barrel-borer (square figure) and Asymtotic barrel lathe 
(rectangular figure), circa 1829. 
a four- fo ld  increase  i n  p roduc t iv i ty .  The g r e a t e r  s i z e  and increased produc- 
t i v i t y  of t he  rejuvenated shop represented an o rde r  of magnitude increase  i n  
productive capac i ty .  
I n  1815, Bere t ta  t r a v e l l e d  widely, e s t a b l i s h i n g  con tac t s  with importers ,  
wholesalers ,  and r e t a i l e r s .  The network he e s t ab l i shed  was woven t igh te r  by h i s  
son,  Giuseppe, who achieved t h e  un i f i ca t ion ,  i n  a s i n g l e  f ac to ry ,  of t h e  com- 
p l e t e  manufacture of a  f i rearm.  
The importance of t n e  a t t e n t i o n  of t h e  master t o  product q u a l i t y  gave way 
t o  t he  a v a i l a b i l i t y  of opera tors  t r a i n e d  under t h e  new system. It was t h e  
a v a i l a b i l i t y  of t h e  s k i l l s  of rhe  l a t t e r  t h a t  became t h e  new c o n s t r a i n t  on 
growth. This cons t r a in t  would not  be long-l ived,  though. I t  was, as  we s h a l l  
s e e ,  soon t o  be relaxed by the  in t roduct ion  of t h e  American System of Manufac- 
t u r e .  
THE AElERICAN SYSTEM OF klANUFACTURE 
While t h e  English ve re  evolving a system of manufacture vhose ethos was ac- 
curacyL a nev system, based on precis ion and in terchangeabi l i ty  (of pa r t s )  was 
being developed in t h e  United S ta t e s .  Impl ic i t  in t he  exp lo i t a t ion  of i n t e r -  
changeabil i ty of p a r t s  is  a need f o r  a large  number of iden t i ca l  components. 
In  f a c t ,  one only th inks  about in terchangeabi l i ty  when such a need e x i s t s .  With 
t h e  emphasis of t h e i r  system on accuracy, English mechanics and engineers made 
p a r t s  t o  f i t  ( i . e . ,  t o  mate v i t h  one another) .  The b e t t e r  t h e  f i t ,  t he  b e t t e r  
t h e  vorkmanship, v i t h  "perfection" being t h e  object ive .  A s  " f i t "  vas achieved 
by concentrating on t h e  r e l a t ionsh ip  betveen components, one & p a r t s  one a t  
a time." 
In terchangeabi l i ty ,  by con t ra s t ,  r e l i e d  on t h e  exis tence  of clearance be- 
tveen p a r t s .  The g r e a t e r  t h e  clearance,  t h e  e a s i e r  i t  vas t o  make p a r t s  i n t e r -  
changeable. Thus, t h e  ob jec t ive  of interchangeable manufacture was t o  move from 
perfec t ion of f i t  t w a r d s  t h e  g rea te s t  poss ib le  c learance  vi thout  los ing the  
f u n c t i o t a l i t y  of t h e  product. In doing s o ,  t h e  i n t e l l e c t u a l  problem changed 
from t h a t  of genera t ing perfec t ion of f i t  t o  one of managing clearances betveen 
components. These concerns a r e  a t  opposite poles .  
Cleacances allowed f o r  variances,  and t h e  management of these  variances was 
the  ha1 mark of t h e  American System of Manufacture. Interchangeable manufacture 
a l l a e d  f o r  t h e  separa t ion not only of f ab r i ca t ion  and assembly, but a l s o  of 
t h e  a i f f e r e n t  operations in f ab r i ca t ion  from one another.  Managing variances 
en ta i l ed  prescr ib ing l i m i t s  and then achieving t h e  precis ion imposed by these  
l imi t s  by developing machinery t h a t  vas constrained in its opera t ion and a 
systam of gauges t h a t  would insure  t h a t  f ab r i ca ted  p a r t s  ve re  indeed in re r -  
changeable. 
The sinrultaneous in t roduct ion of spec ia l  purpose machines and systems of 
gauging and inspect ion had the  e f f e c t  of r eo r i en t ing  the  th inking of engineers 
avay from t h e  making of individual componeats t w a r d  t h e  development of systems 
f o r  manufacturing large  l o t s  of components. Charles Babbaga, in h i s  ce lebra ted  
vork, On t h e  Economy of Machine- and Manufacture, vas  t h e  f i r s t  t o  d i s t ingu i sh  
t h e  English and American systems on t h e  baais  of making versus manufacturing. 
Engineering problems ve re  r ad ica l ly  d i f f e r a n t  betveen the  tvo  systems. The es-  
s e n t i a l  f ea tu re  of precis ion manufacture vas  exact  dupl ica t ion u t i l i z i n g  
matched o r  common f i x t u r e s ,  t o o l s ,  and s i z e  gauges. Workpieces were produced 
I'  Paul Uselding discusses  t h e  d i f ferences  betvean t h e  tvo systems of manu- 
f ac tu re  and t h e i r  r e l a t i o n  t o  precis ion and accuracy in "Measuring Tech- 
niques and Manufacturing pract ice ,"  Yankee Enterpr ise :  The Rise of t h e  
American System of Manufactures 0. Mayr and R.  C. Post ,  eds.  (Washington, 
D.C.: Smithsonian Ins t i tu t ion .P ress ,  1981), 109-110. 
t o  f i t  these  f i x t u r e s ,  t o o l s ,  and gauges and not t o  exact  s i z e  r e l a t i v e  t o  a 
universal  standard of measurement. 
Although t h e  f i r s t  complete manufacturing system based on interchangeable 
p a r t s ,  a system f o r  making pulley blocks, was b u i l t  by Brunel, Bentham, and 
Maudslay a t  Portsmouth in 1795, t h e i r  achievement d id  not a l t e r  the  i n t e l l e c t u a l  
ethos of technological  achievement in England. Development of the  system was 
l e f t  t o  the  Americans. Our concern with in terchangeabi l i ty  in America is not 
with i ts  o r i g i n s ,  which a r e  the  subject  of some debate, but r a the r  wi th  i t s  
e f f e c t s  on t h e  nature of work. 
The Whitney Factory 
E l i  Whitney, in carrying out a contrac t  f o r  t h e  manufacture of firearms se-  
cured from t h e  United S ta t e s  government in 1798, employed much the  same tech- 
niques as o ther  gunsmiths of t h e  time. H i s  stocks were made by hand shaving and 
boring and h i s  ba r re l s  were forged by hammers upon anv i l s  and f in ished with rude 
d r i l l s  and grindstones.  The lock p a r t s  (see  Figure 8)" were ground and d r i l l e d ,  
f i l e d  approximately t o  pa t t e rns ,  and f i t t e d  together .  Whitney ' s innovation was 
t o  make t h e  lock p a r t s  more uniform by t h e  systematic use of hardened j i g s  and 
c l a s s i f y  t h e  work on a more i n t e l l i g e n t  and economical bas i s .  
Assembling the  lock p a r t s  was considered a c ruc ia l  t e s t  of interchangeabil-  
i t y .  Because they could not be f i l e d  o r  milled a f t e r  hardening, lock p a r t s  were 
t r a d i t i o n a l l y  assembled and f i t t e d  s o f t  and then marked o r  kept separa te  t o  
\void mixing a f t e r  hardening. In  order t o  be assemblsd a f t e r  hardening, lock 
pa r t s  had t o  be made interchangeable.  
Whitney systematized t h e  work of firearms manufacture by making t h e  p a r t s  
in l o t s  of l a rge  numbers and employing unski l led  labor t o  f i l e  them t o  hardened 
j i g s .  Operations in h i s  fac tory  a r e  described by Wilma Pitchford Hays. 
The severa l  pa r t s  of t h e  musket ve re ,  under t h i s  system, c a r r i e d  along 
through t h e  various s t ages  of manufacture, in l o t s  of some hundreds o r  
thousands of each. In  t h e i r  various s t ages  of progress,  they were made t o  
undergo successive operations by machinery, which not only v a s t l y  abridged 
t h e  labor ,  but a t  t h e  same time s o  f ixed and determined t h e i r  form and d i -  
mansions, as t o  make comparatively l i t t l e  s k i l l  necessary in manual oper- 
a t ions .  Such ve re  t h e  construction and arrangemant of t h i s  machinery, t h a t  
it could be worked by persons of l i t t l e  o r  no experiance, and ye t  it per-  
formed t h e  work with so  much precis ion,  t h a t  when, in t he  l a t e r  s t ages  of 
the  process,  t h e  seve ra l  p a r t s  of t h e  musket came t o  be put together ,  they 
were r ead i ly  adapted t o  each o the r ,  a s  i f  each had bean made f o r  i t s  r e -  
spect ive  fellow. A l o t  of these  p a r t s  passed through t h e  hands of  seve ra l  
d i f f r r a n t  workmen successively,  (and in some cases seve ra l  times re turned,  
a t  i n t e r v a l s  more o r  l e s s  remote, t o  the  hands of t h e  same workman,) each 
" Smith, M.R. .  ~ a r p e r ' s  Ferry Armory and t h e  New Technology, (I thaca.  N.Y.  : 
Cornell Universi ty Press.  1985). 87. Drawing by Steve Foutz. 
Figure 8:  Lock p a r t s  f o r  U.S. Model 1842 musket. 
performing upon them every time some s i n g l e  and simple operat ion,  by ma- 
chinery or  by hand, u n t i l  they were completed. Thus Mr. Whitney reduced a 
complex business ,  embracing many ramificat ions,  almost t o  a mere succession 
of simple processes ,  and was thereby enabled t o  make a d iv i s ion  of labor 
among h i s  workmen, on a p r i n c i p l e  which w a s  not only more extensive,  but 
a l s o  a l toge ther  more phi losophical  than t h a t  pursued in t h e  English method. 
In  England, t h e  labor  of making a musket was divided by making t h e  d i f f e r e n t  
workmen t h e  manufacturers of d i f f e r e n t  limbs, while in Mr. Whitney's system 
t h e  work was divided v i t h  reference t o  i ts  na ture ,  and severa l  workmen 
performed d i f f e r e n t  operat ions on t h e  same limb. 
I t  w i l l  be r - a d i l y  seen t h a t  under such an arrangement m y  person of 
ordinary capaci ty would soon acquire  s u f f i c i e n t  d e x t e r i t y  t o  perform a 
branch of t h e  work. Indeed, so  easy d id  Mr. Whitney f ind  it t o  i n s t r u c t  new 
and inexperienced workmen, t h a t  he uniformly preferred t o  do so ,  r a t h e r  than 
Figure 9: A s e t  of "go"-"no go" gauges. 
t o  attempt t o  combat the  prejudices of those who had learned the  business 
under a d i f fe ren t  system. " 
A s  a means t o  e n s u e  precision in bar re l  manufacture, Whitney introduced "go" 
and "no go" gauges Figure 9)." The smaller of tho two plugs was t o  f i t  i n t o  
the  ba r re l .  I f  i t  (lid not ,  o r  i f  t h e  large  plug did  f i t  i n t o  it, t he  ba r re l  was 
re jected.  Imposition of e x p l i c i t  standards improved t h e  qua l i ty  of arms and, 
in t he  1 8 3 0 ~ ~  tho Ordnance Department began supplying manufacturing gaages t o  
contractors .  
Of Ffaciines and Ffen 
Of t h i s  period,  F i t ch  wrote t h a t  
s o  f a r  AS machinery had bean introduced, i ts  construction was rude, and i t s  
use u c e p t i ~ n a l .  Hand-shaving and chise l ing fo r  t h e  s tocks ,  and hand- 
forging, grinding, and hand-fi l ing f o r  t h e  metal p a r t s ,  const i tu ted nearly 
a l l  of t h e  work. 
" Hays, W. P., E l i  Whitney: Founder of Modern Industry ( k w  York: Franklin 
Watts, Inc.,) , 53-54. 
I I Mayr, O . ,  and R .  C .  Post ,  ads. ,  Yankee Enterprise:  The Rise of t h e  American 
System of Manufactures (Washington, D.C. :  Smithsonian I n s t i t u t i o n  Press,  
1981), 113. From the  Brown and Sharpe Manufacturing Co.; Smithsonian In- 
s t i t u t i o n  Nag. No. 81-202. 
Apart from a l l  consideration of the  e a r l i e s t  usage of s p e c i f i c  machines, 
it must be s a i d  t h a t  t h e i r  introduction did  not make i t s e l f  f e l t  as  a g rea t  
i n d u s t r i a l  agency u n t i l  within twenty-five years pas t ,  in ins tance  of ~ h i c h  
it may be s t a t e d  t h a t  in 1839, the re  were a t  t he  Spr ingf ie ld  armory about 
six men t o  one machine, and the  r a t i o  a t  o ther  works seems t o  have been 
equally large;  f o r  of t h e  p r iva te  armories most reputed fo r  e a r l y  improve- 
ments one is s t a t e d  a t  t h i s  time t o  have had but a s i n g l e  milling-machine, 
and t h a t  a rude one; and a t  another armory a s i n g l e  gang-saw 
profiling-machine was t h e  p r inc ipa l  stocking machine in use.  I t  was some 
f i f t e e n  years l a t e r  before the  manufacture of mi l l ing ,  edging, and other  
important gun machinery was conducted on a s c a l e  s u f f i c i e n t l y  extensive f o r  
the  general  o u t f i t t i n g  of large  armories. " 
The use of t h i s  machinery coupled with t h e  use of water power t o  d r ive  it 
had combined, a s  we saw in t h e  e a r l i e r  descr ip t ion of t h e  Whitney fac tory ,  t o  
reduce t h e  s k i l l  requirements, though not  necessar i ly  t h e  cos t ,  of labor .  F i t c h  
obsemed t h a t  
r e l a t i v e  t o  t h e  s k i l l  required i n  t h e  manufacture (of guns), s i n c e  most of 
t h e  work is s p e c i a l  and done by t h e  piece,  few of t h e  opera t ives  may, i n  
any case,  be placed under t l e  schedule caption of ordinary laborers .  The 
foremen upon the  seve ra l  jobs o r  sub-contracts (who may be usual ly  r a t ed  
a t  1 foreman t o  30 o r  GO onera t ives ) ,  t he  blacksmiths and t h e  machinists 
proper,  t h e  tool-makers and t h e  ba r re l - s t r a igh tene r s ,  a r e  considered 
s k i l l e d  workmen, but t h e  mrchine-tenders and o the r  opera t ives ,  however 
p ro f i c i en t  in t r e i r  specia  d u t i e s ,  a re  not s o  considered. The s k i l l e d  men 
thus  spec i f i ed  w i l l  gener~! ly  c o n s t i t u t e  l e s s  than 20 per cent  of a l l .  But 
in many f a c t o r i e s  much o i  t h e  machinery is tended by experienced men, 
drawing t h e  wages of s k i l l e d  workmen, and t h e  employment of unski l led  labor,  
o f t en  adduced as  an advan~age due t o  improved machinery and t h e  i n t e r -  
changeable system, seems rqrgely ava i l ab le  only on heavy con t rac t s ,  when 
it may be ut iLized with a ca re fu l  system of overs ight .  Hachinery may con- 
t r a c t  t h e  province of c e r t a i n  s k i l l e d  t rades  . . . but t h e  . . . increased 
fineness and accuracy required in t h e  manufacture of fire-arms demands t h e  
most s k i l l f u l  and experienced overs ight ,  and unski l led  labor can only be 
employed with t h e  bes t  r e s u l t s  upon l imi ted  por t ions  of the  work. Thus we 
f i n d  t h a t  a t  most of t h e  l a rge r  armories the  g r e a t e r  proportion of t h e  op- 
e ra t ives  draw t h e  wager of s k i l l e d  men.'@ 
The systom l e n t  i t s e l f  t o  p iece  work, and we f ind t h a t  many arms manufac- 
t u r e r s  subcontracted much of t h e i r  work, e i t h e r  br inging contrac tors  i n t o  t h e i r  
p l an t s  t o  work under loca l  supemis ion ,  o r  sending t h e  work out t o  smaller  
shops. 
a Fi tch ,  C .  H . ,  Report on t h e  Hanufacture of Fire-Arms (Washington: Government 
P r in t ing  Office,  1882)) 7 .  
'@ Ib id . ,  8.  
The Colt Armory 
Thanks t o  an ins t ruc t ive  v i s i t  provided by Haven and Belden, we can see  how 
the  various aspects of the  interchangeable system came together  i n  t h e  arms 
fac tory  es tabl ished i n  Hartford by Samuel Colt .  
(The new armozy) rcrs f in ished and operations commenced in it in t he  F a l l  
of 1855. A s  w i l l  be observed by the  diagram, the  ground plan  of t h e  pr in-  
c ipa l  buildings form t h e  l e t t e r  H. (See Figure 10.)" 
. . . the  e n t i r e  manual labor of the  establishment is performed by 
con t rac t .  The contrac tors  a re  furnished room, power, t o o l s ,  mater ia l ,  hear ,  
l i g h t ,  in f a c t  a l l  but muscle and bra ins .  . . . The contrac tors  number some 
scores--some p a r t i c u l a r  manipulators requir ing only t h e i r  individual  ex- 
e r t ions ,  while o thers  employ from one t o  fo r ty  a s s i s t a n t s .  Many of them a re  
men of more than ordinary a b i l i t y ,  and some have rendered themselves 
pecuniar i ly  comfortable by t h e i r  exer t ions .  . . . 
. . . The vhole of t h i s  immense f loo r  space is covered with machine 
t o o l s .  Each por t ion of the  fire-arm has i ts p a r t i c u l a r  sec t ion .  A s  ve enter  
the  door the  f i r s t  group of machines appears t o  be exclus ively  employed in 
chambering cyl inders ;  t h e  next is  turning and shaping them; here anorher 
is boring ba r re l s ;  another group is mil l ing t h e  lock-frames; s t i l l  anorher 
is d r i l l i n g  rhem; beyond a r e  a score  of machines boring and screw-cutting 
t h e  n ipples ,  and next t o  them a numb=: of o the r s  a r e  making screws; here 
a r e  r i f l i n g  machines, and ehere t h e  a. chines f o r  boring r i f l e - b a r r e l s .  . . 
Nearly 400 (machines) a r e  in use k. t h e  severa l  departments. . . . 
I t  is upnecessary t o  describe a l l  t h e  opera t ions  performed by t h e  ma- 
chines;  a few w i l l  render t h e  whole understandable. Taking t h e  lock-frame, 
fo r  instance;  they commence by fixing t h e  center ,  and d r i l l i n g  and tapping 
the  base f o r  receiving t!le arbor o r  breech-pin, which has been previously 
prepared--the h e l i c a l  groove cut  in it, and t h e  lower end screwed--once 
grasped L s  f irmly f ixed i n t o  'posit ion,  furnishing a d e f i n i t e  point  from 
which a l l  the  operations a r e  performed, and t o  which a l l  t h e  p a r t s  bear 
r e l a t ion .  The fac ing and holloving of t h e  r e c o i l  s h i e l d  and frame, t h e  
cu t t ing  and sinking t h e  cen t ra l  recesses ,  t he  c u t t i n g  out a11 t h e  grooves 
and o r i f i c e s ,  planing t h e  severa l  f l a t  surfaces  and shaping t h e  curved p a r t s  
prepare t h e  frames f o r  being introduced betveen hard and s t e e l  clamps, 
through vhich a11 t h e  holes a r e  d r i l l e d ,  bored and tapped f o r  t h e  various 
screws; s o  t h a t ,  a f t e r  passing through t h i r t y - t h r e e  d i s t i n c t  opera t ions ,  
and t h e  l i t t l e  hand f in i sh ing  required i n  removing t h e  burr from t h e  edges, 
the  lock-frame is ready f o r  the  inspector.  The ro ta t ing ,  chambered cylinder 
is turned out of c a s t - s t e e l  bars ,  manufactured expressly f o r  t h e  purpose. 
The machines, a f t e r  ge t t ing  them the  des i red  length,  d r i l l  center holes,  
square up ends, t u rn  f o r  r a t che t ,  t u rn  uc te r io r ,  smooth and po l i sh ,  engrave, 
'' Haven, C.  T . ,  and F. A. Belden, A History of the  Colt  Revolver (New York: 
William Horrov h Company, 194O), 352. 
Figure 10: Floor plan of the  Colt Armory in Hartford, Connecticut, 1855. 
bore chambers, d r i l l  p a r t i t i o n s ,  t ap  for  nipples,  cut pins in hammer-rest 
and ra tche t ,  and screw i n  nipples.  i n  a l l  the re  a re  t h i r t y - s i x  separate 
operations before the cylinder is ready t o  follow the  lock-frame t o  the  
inspector.  The ba r re l  gaes through for ty-f ive  separate  operations on the  
machines. The other  pa r t s  a re  subject t o  about the  following number: lever ,  
27; rammer, 19; hammer, 28; hand, 20; t r i g g e r ,  21; bo l t ,  21; key, 18; s e a r  
spring, 12; fourteen screws, seven each, 98; six cones, e ight  each, La; 
guard, 18; handle-strap,  5; stock, 5.  Thus it w i l l  be observed t h a t  the  
g rea te r  p a r t  of the  labor is completed in t h i s  department. Even a l l  the  
various pa r t s  of t h e  lock a re  made by machinery, each having its r e l a t i v e  
i n i t i a l  point t o  work from, and on the  correctness of which the  perfect ion 
depends. 
. . . (The upper f loor )  is designated the  Inspecting and Assembling 
Department. Here t h e  d i f f e r e n t  p a r t s  a re  most minutely inspected; t h i s  em- 
braces a s e r i e s  of operations which in the  aggregate amount t o  considerable; 
t h e  tools  t o  inspect a cylinder,  fo r  example, a re  f i f t e e n  in number, each 
of which must gauge t o  a ha i r  (see Figure 11);16 the  g rea tes t  n icety  is 
observed, and it is absolutely impossible t o  get a s l ighted piece of work 
beyond t h i s  point.  On f in ishing h i s  examination, the  inspector punches h i s  
*' Mayr, 0. , and R .  C .  Post,  ads. , Yankee Enterprise:  The Rise of t h e  American 
System of Manufactures (Washington, D . C . :  Smithsonian I n s t i t u t i o n  Press,  
1981), 78. From t h e  col lect ions  of the  Division of Mili tary History, Na- 
t i o n a l  Museum of American History; Smithsonian Ins t i tu t ion  Neg. No. 62168. 
i n i t i a l  l e t t e r  on the piece inspected, thus pledging his reputation on i t s  
quality.  . . . 
On the i r  f i na l  completion, a l l  the parts are delivered t o  the general 
store-keeper's department, a room 60 fee t  wide by 190 fee t  long, s i tuated 
in the second story of the central building, and extending over the rear 
para l le l .  A11 the hand-tools and materials (except more bulky kinds) are 
distributed t o  the workmen from th is  place; several clerks are  required t o  
parcel the goods out and keep the accounts; in f ac t ,  it is a s tore ,  in the 
largest sense of the term, and rather on -the wholesale principle a t  that. ,  
On the reception of finished, f u l l  s e t s  of the parts of the p i s to l s ,  they 
are once more carried up t o  the assembling room; but t h i s  time t o  another 
corps of ar t isans.  Guided by the numbers, they are  once more assembled. . 
. . . We have followed (a r i f l e )  . . . through about 460 separate 
processes of manufacture, which, in the usual course pursued would have 
occupied from three t o  four weeks of time. . . . 
. . . During the time of our v i s i t  we were informed tha t  scarcely less 
than one hundred thousand weapons were a t  that  moment in the various stages 
of progress, yet the whole number of employes was l i t t l e  less than s i x  
hundred who, by the aid of mechanical contrivances, turn out an average of 
two hundred and f i f t y  finished a m  per diem. 
In rough numbers it might be s tated tha t  supposing the cost of an arm 
t o  be 100, of t h i s  the wages of those who attended t o  and passed the pieces 
through the machines was 10 per cent,  and those of the best class workmen 
engaged in assembling or  putting together, finishing and ornamentag the 
weapons was also 10 per cent,  thus leaving 80 per cent for the duty done 
by the machinery. . . . 
. . . A majority of the machinery was not only invented, but constructed 
on the premises. When t h i s  department was commenced, it was the intention 
of the Coepany t o  manufacture solely for the i r  own use. Some months since, 
applications vere made by several foreign Governments t o  be supplied with 
machines and the r ight  t o  operate them. After mature deliberation, it was 
concluded t o  supply the orders, and on the day of our v i s i t  we saw a complete 
s e t  of machinery for  manufacturing f i re -a rm,  tha t  w i l l  short ly  be shipped 
t o  a dis tant  land. The Company have n w  determined t o  incorporate t h i s  
manufacture m a branch of t he i r  regular business." 
In the American arms factor ies ,  as exemplified by the Colt Armory, the 
foremen were contractors who hired t he i r  own help as subcontractors t o  produce 
the various parts  of the gun. When a man had made his  contract, he was provided 
with a machine and l e f t  on h i s  own t o  complete the order. Many of the improve- 
" Haven, C .  T. , and F. A .  Beldan, A History of the Colt Revolver (New York: 
W i l l i a m  Morrow h Company, 1940). 352-358. 
Figure 11: A s e t  of inspection gaugas fo r  U.S. R i f l e  Model 1841. 
ments in metal working methods, most of them undocumented, derived from t h e  zea l  
of individuals  who applied t h e i r  ingenuity t o  t h e  machine in f r o n t  of them i n  
order t o  r e a l i z e  t h e  savings t h a t  would r e s u l t  from increased product iv i ty .  The 
Royal Commission on t h e  American System reported t h a t  "in t h e  adapta t ion of 
spec ia l  apparatus t o  a s i n g l e  operation in almost a l l  branches of indus t ry ,  t he  
Americans d isplay  an amount of ingenuity combined with undaunted energy. "" 
These improvements were seldom patented.  Most became common knowledge, and were 
appropriated by others  who ca r r i ed  the  improvements s t i l l  f u r t h e r .  
With t h e  emphasis of manufacturing during t h i s  period on in terchangeabi l i ty  
of p a r t s ,  t h e  focus of control  s h i f t e d  from product func t iona l i ty  t o  product 
conformance. Though s t i l l  pat terned a f t e r  a model, a  piece was expected t o  
conform not j u s t  t o  the  pieces it was t o  mate with i n  a given r i f l e ,  but t o  those 
same pieces i n  every gun of a given design.  Accuracy in t h i s  system, which might 
be as c lose  as a th i r ty-second o r  s ix ty-four th  of an inch,  was ensured by an 
e labora te  system of p a t t e r n s ,  guides,  templates,  gauges, and i i l i n g  j i g s .  
Writing i n  1880 on t h e  degree of uniformity then being achieved F i t ch  ob- 
served t h a t  
i f  gun p a r t s  were then ca l l ed  uniform, it must be r eco l l ec ted  t h a t  t h e  
present generation s tands  upon a plane of mechanical i n t e l l i g e n c e  s o  much 
higher,  and v i t h  f a c i l i t i e s  f o r  observation s o  much more extens ive  than 
ex i s t ed  in those times, t h a t  t h e  very language of expression is changed. 
Uniformity i n  gun-work was then,  a s  now, a comparative term; but then it 
meant within a th i r ty-second of an inch o r  more, where now it means v i t h i n  
half  a thousandth of an inch.  Then in terchangeabi l i ty  may have s i g n i f i e d  
a g rea t  deal  of f i l i n g  and f i t t i n g ,  and an uneven j o i n t  vhen f i t t e d ,  where 
now it s i g n i f i e s  s l ipp ing  i n  a p iece ,  turning a screw-driver,  and having a 
c lose ,  even f i t . "  
" Mayr, O., and R .  C .  Post,  eds. Yankee Enterpr ise  (Washington, D . C . :  
Smithsonian I n s t i t u t i o n  Press,  1981), x i i .  
'' F i t c h ,  C .  H., Report on the  Manufacture of Fire-Arms (Washington: Government 
P r in t ing  Off ice ,  1882), 4 .  
A s  product conformance re l i ed  on repe t i t ion ,  the  focus of process control 
became repea tab i l i ty ;  tha t  is t o  say, each execution of a process was expected 
t o  produce precisely  the  same par t .  Qual i ty  was achieved through 100% inspection 
f o r  funct ional i ty .  
The American system Abroad 
Robbins and Lawrence, a machine too l  builder t h a t  had perfected the  use of 
t h e  American system, seeing the  commercial potent ia l  of t h e i r  work, exhibited 
t h e i r  guns a t  the  Crystal  Palace Indus t r i a l  Exposition in 1851, where the  r i f l e s  
garnered an award and a t t r ac ted  such a t t en t ion  tha t  Parliament w a s  induced t o  
send a commission t o  the  United S ta tes  t o  study "the American system" of 
interchangeable manufacture and secure the  machinery necessary t o  introduce it 
a t  the  Enfield Armory near London. The company received an immediate order fo r  
20,000 Enfield r i f l e s  with interchangeable pa r t s  and one hundred and fifty-seven 
metal working aachines t o  equip the  armory a t  Enfield." With t h i s  order,  
Robbins and Lawrence became the  f i r s t  large-scale exporter of machine tools .  
When Samuel Colt s e t  up h i s  own in tegrated factory near London, the  American 
system was placed on display and soon held in awe by a l l  the  major arsenals in 
Europe. P r a t t  and Whitney, one of the  major machine t o o l  bui lders  who supplied 
the  Colt factory,  was soon receiving orders from almost every country in Europe 
f o r  machinery (see Figure 12)" 
with which t o  s e t  up fac to r ies .  
Giuseppe Beretta t a d  seen the  super io r i ty  of the  new system of manufacturr 
in the  Prussian arms fac to r ies ,  which had acquired from P r a t t  and Whitney the  
e n t i r e  manufacturing system, lock, stock and bar re l .  Not wanting t o  f a l l  behind, 
Giuseppa Beretta,  in 1860, had P r a t t  and Whitney bui ld  aJ  integrated factory 
in Gardone. With t h i s  one s t roke,  he had the  largest  arms factory in a l l  of 
northern I t a l y .  The two hundred workers in the  Beretta factory were soon 
turning out e ight  thousand sporting guns and three  thousand mi l i t a ry  r i f l e s  per 
year.  
In  1881, Beretta w a s  awarded a medal fo r  its innovations in the  factory 
system. I t  w a s  t h e  only firm t h a t  took in i ron and wood through one door and 
sen t  out f in ished arms through t h e  other.  The company sold  not only in I t a l y ,  
but throughout the  world, pa r t i cu la r ly  in t h e  regiona of the  E a s t .  Its precision 
of manufacture w a s  such t h a t  the  company w a s  able  t o  o f f e r  a guarantee against  
any and a l l  breakdowns and defects f o r  one year. Boretta introduced a number 
of n w  products and watched its volume of manufacture grow. 
" Roe, J. W . ,  English and American Tool Builders (Nw York: McGraw-Hill, 
1926), 138. 
'l I l l u s t r a t e d  Machine-Tools of 1885 (Mantano, I l l .  : Lindsay Publications,  
1981), 142. From Hutton, F. R . ,  Report on Machine-Tools and Wood-Working 
Machines (Washington: Government Pr int ing Of f i c e ,  1885). 
Figure 12: Hilling machines for gun-making, c irca 1885. 
The one drawback in a l l  of t h i s  progress had t o  do with the nature of work. 
The a c t i v i t i e s  at the workstation, as we saw ear l i er  in the description of the 
Colt factory, did not require much s k i l l .  There were n w  two kinds of workers: 
those who b u i l t ,  maintained, s e t  up, and improved machines; and those who turned 
out par ts  by t h e  hundreds every day. Together, t h e  separation of s t a f f  and l i n e  
work, the  specia l izat ion oE l i a e  work, and the  elimination of s k i l l  a t  the  work 
s t a t i o n  had the e f f e c t  of creat ing a competitive market for  labor, which tended 
t o  depress wages. Gardone saw i t s  f i r s t  s t r i k e  by workers, which interrupted 
work f o r  several  days, i n  1878. The'subsequent organization of unions and es -  
tablishment of a labor cooperative considerably improved t h e  tenor  of workers' 
l ives .  
Work was now reduced t o  managing machines and output.  Labor was a corporate 
e n t i t y  t h a t  executed procedures; engineers conceived of t h e  t a sks .  The sepa- 
ra t ion  of conception and execution of work was now complete. Mechanical work 
could now be abstracted, studied in i so la t ion  from the  plant ,  and then developed 
in t h e  plant and reproduced by other workers. Mechanical work was becoming a 
science. 
Although it was conceived as  a system for  t h e  manufacture of interchangeable 
pa r t s ,  the  American system's major contribution t o  process control was the  
notion of mechanization of work. Whereas the  English system saw in work t h e  
combination of s k i l l  in machinists and v e r s a t i l i t y  in machines. t h e  American 
system introduced t o  mechanisms the  modern s c i e n t i f i c  pr inciples  of 
reductionism and reproducibi l i ty .  I t  examined t h e  processes involved in t h e  
manufacture of a product, broke them up in to  sequences of simple operations,  
and mechanized the  simple operations by constraining t h e  motions of a cu t t ing  
t o o l  with j igs  and f ix tu res .  Verification of performance through the  use of 
simple gauges insured reproducibi l i ty .  Each operation could now be studied ant. 
opt imizad . 
In t h e  contaxt of the  Amarican system, it was necessary t o  a t tend not only 
t o  t h e  construction of spec ia l  purpose machines, but a l s o  t o  the  in te r re -  
lationships among them. In  order t o  design and build a co l l ec t ion  of spec ia l  
purpose machines fo r  manufacturing a component one had t o  conceive of an e n t i r e  
system of manufacture. This en ta i l ed  baing an a rch i t ec t  of a col lect ion of 
mechanisms, as  well as  bringing s c i e n t i f i c  pr inciples  t o  the  study of mech- 
anisms. Manufacturing w a s  now "front-end1' loaded, t h a t  is t o  say, the  most 
s ign i f i can t  aspects of cost  and qua l i ty  of components w a s  established p r i o r  t o  
t h e  production of t h e  f i r s t  un i t .  The importance of spec ia l  purpose machinery 
t o  such a system cannot be overstated.  
Over t h e  next hundred years,  these  simple mechanisms would be elaborated, 
eventually becoming se l f -ac t ing  and capable of great p rec i s i an  and v e r s a t i l i t y .  
A s  understanding of the  pr inciplas  of mechanization became diffused with t h e  
increasing specia l izat ion of machines, v a r i a b i l i t y  of work returned once l o r e  
t o  labor. 
The next major i n t e l l e c t u a l  watershed would be crossed when t h e  new science 
of machinery was extended t o  human labor. Application of t h e  pr inciples  of 
machine movement t o  human work yielded a new " s c i e n t i f i c  management'' of work, 
whose impact on t h e  organization of work a t  the  Watertown Arsenal we w i l l  nar 
examine. 
T& TAYLOR SYSTEH 
To Frederick Taylor f a l l s  t h e  d i s t i n c t i o n  of doing f o r  work what a century 
of refinement had done f o r  machinery. Taylor recognized t h a t  t h e  machinery 
ava i l ab le  a t  t h e  end of t h e  n ineteenth  century was capable of more than workers 
were g e t t i n g  out of it. Worker-related a c t i v i t i e s ,  he r ea l i zed ,  were l imi t ing 
t h e  speed and e f f i c i ency  t h a t  could be achieved by t h e  machines. The idea  t h a t  
these  human a c t i v i t i e s  could be measured, analyzed, and con t ro l l ed  by techniques 
analogous t o  those t h a t  had been successful ly  applied t o  p h y s i ~ a l ~ o b j e c t r  was 
t h e  c e n t r a l  theme in what Taylor w a s  t o  put fo r th  as a theory of s c i e n t i f i c  
management. " 
A s  conceived and pract iced by Taylor,  , s c i e n t i f i c  management was concerned 
with i n d u s t r i a l  work, p a r t i c u l a r l y  t h e  work of machine shops in metalworking 
establishments.  Taylor was concerned almost exclus ively  with organization a t  
t h e  shop l eve l ,  from t h e  superintendent and foreman down. 
Although he shared with Church, Halsey, and Towne i n  t h e  United S t a t e s ,  and 
S l a t e r  Lewis i n  Br i t a in ,  an i n t e r e s t  in incent ive  wage payments a s  a means of 
increas ing product iv i ty ,  Taylor took a d i f f e r e n t  approach. He viewed work as 
an object  and s tudied it as  i f  it were a physical ,  mechanical e n t i t y .  In  t h e  
Taylor scheme of th ings ,  job times were determined not by pas t  experience but 
with a s top  watch. Standard times were t o  be s e t  f o r  each job, and a s t a r i a r d  
r a t e  of output determined. This involved tvo  elements: job ana lys i s ,  and time 
study. 
Job analys is  consis ted  in breaking each job down i n t o  small  elements, and 
dis t inguishing those elements t h a t  were e s s e n t i a l  f o r  t h e  performance of work 
from those t h a t  were superfluous,  o r  "waste." The waste was t o  be el iminated.  
Once t h e  elements e s s e n t i a l  f o r  t h e  performance of work had been i so la t ed ,  they 
were c l a s s i f i e d  funct ional ly  in order t h a t  d i f f e r e n t  aspects  of t h e  job could 
be ca r r i ed  out by funct ional  s p e c i a l i s t s .  For ins tance ,  a machinist assigned 
t h e  t a s k  of turning down a p iece  of metal t o  c e r t a i n  dimensions on a l a t h e  might 
f i n d  t h a t  h i s  c u t t i n g  t o o l  needed sharpening. Taylor considered t h e  s k i l l s  as- 
socia ted  with sharpening t o o l s  t o  be funct ional ly  d i f f e r e n t  from t h e  s k i l l s  of 
a machinist, and, consequantly, separated them. Similar ly ,  it was not p a r t  of 
t h e  machinist 's  job t o  determine co r rec t  speed o r  t h e  co r rec t  angle of a cu t .  
Evan more obviously, it was not p a r t  of h i s  job t o  ob ta in  mater ia ls  o r  t o o l s  
from t h e  storeroom, o r  t o  move work in progress from place  t o  p lace  in t h e  shop, 
o r  t o  do anything but t u r n  t h e  piece of metal on h i s  l a the .  Job ana lys i s ,  a s  
Taylor in t e rp re ted  it, almost invar iably  implied a n a r r w i n g  of t h e  functions 
included in t h e  job, an extension of t h e  d':rision of labor ,  a t r h i n g  o f f  of 
a11 va r i an t ,  non-repet i t ive  t a sks .  
The second bas ic  element in Taylor ' s  sys ten  was time study. After a job had 
been analyzed i n t o  its cons t i tuen t  opera t ions ,  t hese  were timed with a s top  
watch. By adding t h e  elementary times f o r  each opera t ion,  a t o t a l  time f o r  t h e  
whole job was ca lcula ted .  Operations were c l a s s i f i e d  i n t o  two types:  machine 
time, and handling t i n e .  Efachine times could be precise ,  as  they depended on 
physical c h a r a c t e r i s ~ i c s  of t h e  metal being worked, the cu t t ing  instrument, and 
t h e  machine t o o l .  Handling times, which referred t o  t h e  time taken by an op- 
e ra to r  t o  s e t  up work on the  machine and remove it a f t e r  the  work was completed, 
varied widely among operators.  
Nor were the  machines themselves neglected by t h e  Taylor system. Inasmuch 
a s  the  speed of operators was largely determined by t h e  speed of the  machines 
as  driven from a cen t ra l  location by b e l t s ,  pulleys,  and shaf t s  (sea Figure 
13)." Taylor considered t h e  standardization and control of these systems a t  
t h e i r  optimal level  of eff ic iency essen t i a l .  To t h i s  and he prescribed methods 
fo r  s c i e n t i f i c a l l y  determining correct  b e l t  tensions and providing maintenance, 
and established t h e  a c t i v i t i e s  of b e l t  maintenance and adjustment as a separate 
.job. 
Taylor employed Henry Gantt and Carl Barth t o  a s s i s t  with the  specif icat ion 
of optimum cu t t ing  speeds. "Taylor succeeded in determining empirically," ex- 
pla ins  Aitken, 
by a prolonged s e r i e s  of experiments, the  optimum rela t ionship between a l l  
the  var iables  t h a t  influenced the  r a t e  a t  which metal could be cut on a 
la the:  the  depth of cu t ,  feed, speed, and type of t o o l ,  t h e  hardness of the 
metal, the  power applied t o  the machine, and so on. These resu l t s  were 
plot ted on graph paper, giving a s e t  of geometric curves from which the  
proper speed of the  la the  could be determined whaq the  values of a l l  other 
variables were hovn. This method of sa-lving t h e  roblem was, however, t o  
slow and inconvsaienr f o r  ordinary shop use. Bari:h . . . reduced the  re- 
la t ionships  discovered by Taylor and Gantt t o  a mathematical equation and 
t rans fe r rea  the  fimctional re la t ionships  involved t o  spec ia l ly  made s l i d e  
rules ,  which made it possible  t o  determine t h e  correct  speed of a machine 
tool  quickly and with a11 the  accuracy required .'or p rac t i ca l  use." 
Together with job analysis and time study, t h i s  systematization of machinery 
introduced a level  of ~ r a c i s i o n  previously unknown. With t h e  application of 
these  concepts, work could t r u l y  be sa id  t o  be standardized. 
Taylorism a t  the  Watertovn Arsenal 
The Watertovn Arsenal, a t  t h e  beginning of the  twentieth century, employed 
some two hundred and f i f t y  people in its machine shops and another f i f t y  in its 
foundry. The general condition of t h e  Arsenal a t  t h a t  time is described by 
Aitken. 
" I l l u s t r a t e d  Machine-Tools of 1885 (Hanteno, I l l .  : Lindsay Publications,  
1981). 68. From Hutton, F. R . ,  Raport on Machine-Tools and Wood-Working 
Machines (Washington: Government Pr int ing Office, 1885). 
" Ibid . ,  33. 
Figure 13: Belt-driven l a the ,  c i r c a  1885. 
Forty percent of the  machine too l s  had been in se rv ice  fir f i f t e e n  years 
o r  more, and many of them f o r  over twenty years.  A l l  had been designed when 
carbon t o o l  s t e e l  was t h e  only type of too l  s t e e l  ava i l ab le ,  and t h e  system 
of b e l t s  and pulleys had been s e t  up on t h a t  bas i s .  Throughout t h e  p lant  
the re  was a ser ious  shortage of small p a r t s ,  such as b e l t s ,  s t r a p s ,  and 
clamps. Handling f a c i l i t i e s ,  such as cranes and t r o l l e y s ,  were inadequate. 
. . . ( In  t h e  foundry) t h e  only mechanical a s s i s t ance  ava i l ab le  t o  the  
molders were two cranes and a few pneumatic rammers. For t h e  r e s t ,  t h e  work 
was e n t i r e l y  by hand. . . . 
. . . There was a headquarters o f f i c e  s t a f f e d  by c l e rks ,  whose p r inc ipa l  
function was correspondence, and an engineering d iv i s ion ,  an innovation 
introduced . . . in 1908, which was responsible fo r  t h e  making of cost  es-  
t imates ,  t he  preparing of b luepr in t s ,  and s imi la r  t a sks .  . . . I n  t h e  
day-to-day operations of the  arsenal  t h e  master mechanic and foreman were 
largely  l e f t  t o  t h e i r  own devices t o  a l loca te  jobs and get  out t h e  work. 
. . . Apart from i t s  organizational defects ,  the  machine shop a t  
Watertown was technical ly  f a r  from up-to-date in  1909. Into t h i s  machine 
shop the re  was introduced a major innovation, high-speed too l  s t e e l ,  prob- 
ably the  most revolutionary change i n  machine shop pract ice  within the 
memory of anyone l iv ing a t  the  time. . . . 
High-speed s t e e l  was no minor change which could be introduced in one 
sect ion of the  arsenal and then forgotten. The whole arsenal had t o  be 
geared t o  the  pace which it s e t .  (Colonel) Wheeler took a l a the  which, using 
one of the  old-s tyle  carbon s t e e l  too l s ,  could be made t o  remove a maximum 
of two hundred pounds of metal from a cas t ing in  an eight-hour working day. 
He put a high-speed too l  in the la the  and s e t  it t o  work on the  same job 
under the  same conditions, except t h a t  the  speed, feed, and depth of cut  
were a l t e red  t o  s u i t  the  new too l .  The l a the  removed precisely  t en  times 
as much metal--two thousand pounds--in the  same period of time. This was 
probably an exceptional case, for  the  usual increase seems t o  have been 200 
o r  300 per cent. 
I t  was possible fo r  a machine shop t o  purchase a stock of high-speed 
too l s ,  use them in i t s  metal-cutting operations,  and ye t  continue t o  turn  
out work a t  much the  same r a t e  as  before. . . . A shop which d i d  t h i s  would 
find the  r e s u l t s  disappointing; the only obvious change would be t h a t  the  
tools  would not need t o  be reground so frequently.  To purchase high-speed 
too l s  was one thing; t o  use them correct ly ,  so  t h a t  t h e i r  f u l l  
p o t e n t i a l i t i e s  could be real ized,  was another. 
A machine shop which adopted high-speed s t e e l  and knew whai the  new s t e e l  
could do was faced with the necessity of a complete reorganization. F i r s t ,  
few of the  machine too l s  b u i l t  t o  use the  old  s t e e l s  c0uj.d be nm a t  the  
pace and with the pcuer which the  new s t e e l  demanded. Hence the  necessity 
for  rebuilding and redesigning machine too l s ,  systematizing b e l t  mainte- 
nance and repa i r ,  arid increasing paver capacity. Secondly--a considerably 
more in t rac tab le  problem--few of the  machinists and foremen who had grown 
up in the  carbon s t e e l  e ra  had any conception of what the  ?ew s t e e l s  could 
do. Hence the  necessity for  Barth's s l i d e  rules  and the  prescribing & 
management of speods and feeds which, t o  man of the  older  genaration, were 
l i t e r a l l y  fan tas t i c .  And t h i r d ,  s ince tho use of high-spoed s t e a l  meant very 
largo reductions in machining timos, handling timas ( the  time taken t o  s e t  
up a job in the  machino before machining and t o  rumvo it aftorwards) came 
t o  represent a higher proportion of t o t a l  job timos." 
Hence the necessity t o  examino the  labor component of work, spec i f i ca l ly  the  
uncortainty introduced by labor.  System variance was due not s o  much t o  the  
accuracy and precision of machine tools  as  t o  labor ' s  a b i l i t y  t o  reproduce a 
given proceduro. Fcrtunately,  Taylor paid as  much a t ton t ion  t o  tho procedures 
of manufacture as  t o  the  processos. 
I' Aitken, H. G.  J . ,  Taylorism a t  Watertown Arsenal (Cambridge: Harvard Uni- 
ve r s i ty  Press,  1960), 86-87, 102-103. 
After consulting with Colonel Wheeler, t h e  superintendent of the arsenal ,  
Carl Barth, a protege of Taylor, undertook a "complete reorganization of the  
whole shop management along the  l ines  of the  Taylor system," an endeavor tha t  
" f e l l  i n t o  four pa r t s  o r  phases: (1) reorganization of the  storeroom and 
toolroom, (2 )  creat ion of a planning room and establishment of a routing system, 
(3) respeeding and standardization of machine tools ,  and ( 6 )  i n s t a l l a t i o n  of 
an incentive wage system based on time study and task se t t ing.""  Aitken elab- 
o ra tes .  
The f i r s t  point of a t tack was the  storeroom . . . . A new system for  ac- 
counting fo r  s to res  issued was i n s t i t u t e d  . . . t o  provide automatic checks 
against  excessive o r  dupl icate  issues of materials.  Barth a l so  recommended 
the i n s t a l l a t i o n  of t h e  "double bin" system, whereby two separate  but ad- 
joining bins . . . were used fo r  each a r t i c l e  in s t o r e ,  one the  receiving 
and the  other  the  issuing bin. When a l l  of the  a r t i c l e s  in the  issuing bin 
had been d i s t r ibu ted ,  it became the  receiving bin and what had been the  
raceiving bin became the  issuing bin.  A s  the  bins were successively emptied, 
the  tags  showing a l l  issues from them were sen t  t o  the  property divis ion,  
where they were checked against  the  stock sheets .  This simple but highly 
e f fec t ive  system provided an automatic inventory of s to res :  the  quantity 
of an a r t i c l e  on hand was ve r i f i ed  each time the  issuing bin fo r  t h a t  ar-  
t i c l e  was emptied. 
The too l  room a l so  was reorganized. . . . The toolmaking sect ion was 
separated from the too l - i s sue  sect ion and a foreman appointed t o  supervise 
the  manufacture and care  of too l s .  . . . Orders (were) placed fo r  the  
standard Taylor too l  forging and -grinding equipment. . . . A specia l  a l -  
lotment (was made) . . . fo r  the i n s t a l l a t i o n  of tool-managing f a c i l i t i e s .  
. . . (This) was supplemented . . . by a fur ther  allotment for  the purchase 
of high speed too l s  . . . . 
An important s e r i e s  of changes made during the  same period was the  es- 
tablishment of standard procedures for  t h e  inspection and maintenance of 
the  be l t ing  which drove the  machine too l s .  (Barth) r?commended the  purchase 
. . . of a . . . b e l t  bench, a s e t  of . . . b e l t  sca les ,  and a . . . 
wirelacing machine. :. . A t  the  same time a specia l  belt-maintenance gang 
w a r  formed, and its foreman . . . sen t  fo r  ins t ruct ion.  . . . A great  deal  
of the  o ld  be l t ing  was replaced with new and in some cases heavier bel t ing.  
This made it possible t o  run machines a t  higher speeds and with greater  
power, s o  t h a t  f u l l  advantage could be taken of the  cu t t ing  powers of 
high-speed s t e e l ,  and a l s o  prepared the  way f o r  ~ a r t h ' s  l a t e r  standardi-  
zation of cu t t ing  speeds and feeds. By t h e  end of April 1910 the  
belt-maintenance system was in f u l l  operation and b e l t  f a i l u r e s  during 
working hours had been p rac t i ca l ly  eliminated. 
. . . I t  was decided t h a t  two . . . gun carr iages  should be the  f i r s t  
products t o  be put through the  machine shop 'under the  Taylor system.' This 
' Ib id . ,  88, 91 
meant . . . tha t  t h e i r  manufacture would be routed from t h e  planning room, 
s ince Barth had not yet begun h i s  work on the  machine shop and no time 
s tudies  had been made. The two six-inch carriages were t o  serve as p i l o t  
projects ,  pr incipal ly  t o  give the  planning room staff and the  machinists 
t h e i r  f i r s t  t a s t e  of centralized routing. 
A considerable amount of preparatory work was necessary. Assembly char ts  
were drawn up, containing a deta i led analysis of t h e  operations required 
t o  produce each component t h a t  went in to  a complete gun carr iage.  On the  
basis  of these char ts  the  planning room decided upon the  sequence of oper- 
a t ions  which each component w a s  t o  follow, the  dates a t  which each operation 
should be s t a r t e d  and completed, and the  order in which each component 
should be moved from workplace t o  workplace, up t o  f i n a l  assembly. These 
individual analyses were then brought together on a s ing le  route sheet ,  
which formed t h e  master t imetable fo r  the  whole project .  . . . The route 
sheet was then turned over t o  c lerks ,  who prepared the  individual job cards ,  
move t i c k e t s ,  and so on which would be required f o r  the  execution of the  
work. These cards,  together with the  master route sheet ,  were then passed 
t o  t h e  route-sheet c le rk ,  who f i l e d  them ready fo r  use when required. . . 
. . . By the  middle of April 1910 p rac t i ca l ly  a l l  of the  work in the  
machine shop was being routed from the planning room. . . . 
While t h e  planning room w a s  ge t t ing  i n t o  ac t ion ,  Barth took up the  . . 
. rehab i l i t a t ion  of machine too l s .  This involved four pr incipal  phases: t h  
diagramming of the  individual machine t o o l s ,  she rebuilding and redesign in8 
of obsolete o r  unsuitable too l s ,  the  standardization of anc i l l a ry  equip- 
ment, and the  prescribing of speeds and feeds. . . . A n  extensive s e r i e s  
of t e s t s  on d i f fe ren t  types of high speed-steel  was conducted and, durin:; 
a s lack period of work ear ly  in 1910, t h e  opportunity was taken t o  reloca:. 
a number of t h e  machine too l s ,  t o  bring together in one s e c t i ~ n  of the  shop 
a l l  equipment of t h e  same type. Several of t h e  larger  machine too l s  were 
provided with individual e l e c t r i c  motors, rJClile the  smaller ones were a r -  
ranged so t h a t  they could be driven i n  groups. . . . 
Diagrams were prepared fo r  a l l  machines in t h e  machine shop, showing the  
dr iving arrangement, feed gears,  and so on. This process necess i ta ted the  
measuring of a l l  t h e  machines, t h e i r  gears and pulleys,  and t h e  study of 
the  diagrams t o  insure uniformity and t h e  proper re la t ionships  in t h e i r  
speeds and feeds. A considerable amount of redesigning and rebuilding was 
done, pa r t i cu la r ly  of cone pulleys and gears,  f i r s t  on t h e  la thes  and then 
on t h e  drills, planers,  shapers, s l o t t e r s ,  and other  machines. 
A t  the  same time arrangements were made t o  standardize a l l  t h e  anc i l l a ry  
equipment used on t h e  machine tools .  The sockets fo r  boring bars were 
standardized so t h a t  a l l  boring bars would f i t  a l l  sockets,  and t h e  s l o t s  
in t h e  faceplates  of the  la thes ,  planers,  and other too l s  were cut t o  a 
s ing le  s i z e .  A l l  the  t e e  bo l t s  were made t o  f i t  t h i s  standard s l o t ,  t o  avoid 
any delay in finding t h e  r igh t  bol t  fo r  a pa r t i cu la r  job. To achieve uni- 
formity in cut t ing too l s ,  the  workmen were forbidden t o  grind t h e i r  o n  
t o o l s  . . . . Ins tead,  t h e  toolmaking department was t o  forge and gr ind a l l  
t o o l s  t o  t h e  standard Taylor spec i f i ca t ions  and by t h e  use of 
Taylor-designed equipment. The t o o l  pos ts  on t h e  l a thes  were a l t e r e d  and 
strengthened so  t h a t  they could be used with these  t o o l s .  
From August 1910 u n t i l  . . . June 1912, Barth spent four  days each month 
a t  Watertown. These monthly v i s i t s  were e n t i r e l y  taken up by work on the  
preparation of s l i d e  ru le s  f o r  the  machine t o o l s  and in i n s t r u c t i n g  t h e  
planning room in t h e i r  use .  . . . 
(Wight)  Merrick was h i r ed  t o  carry  out time s t u d i e s ,  by means of a s top  
watch', of t h e  various jobs in t h e  machine shop and t o  teach time-study work 
t o  c e r t a i n  members of t h e  planning room s t a f f  . These time s t u d i e s  had th ree  
chief purposes: (1) t o  s impl i fy  work by t h e  e l iminat ion of superfluous 
motions, (2) t o  s e t  a standard t ime in which each job ought t o  be done, and 
(3) t o  provide t h e  bas i s  f o r  a payments scheme which would fu rn i sh  an in-  
cent ive  fo r  t h e  workmen t o  do t h e  job in t he  standard t i m e .  Herrick's.work 
was e s s e n t i a l l y  an extension of t h e  improvement and s tandardiza t ion work 
which Barth had begun. What Barth had done fo r  t h e  machines, Herrick was 
now t o  do f o r  t h e  men. 
. . . Merrick's t a sk  was considerably more complicated than anything 
Barth had undertaken. Barth could examine a machine t o o l ,  change i ts  gears 
and i ts  be l t ing ,  and r e s e t  it t o  run a t  a higher speed i n  complete conf i -  
dence t h a t  t h e  machine would do what he wanted it t o .  But Merrick ha,i t o  
take  some account of t h e  f a c t  t h a t  t h e  men would not wort a t  t he  par he 
prescribed unless  they wished t o  do so.  He had t o  face  t h e  p r o b l e ~  O E  mo- 
t i v a t  ion.  
The answer which t h e  Taylor system provided t o  t h i s  problem was an 
incantive-payments schme .  I f  you wanted men t o  work a t  a c e r t a i n  pt.%:e, you 
promised them a f i n a n c i a l  reward i f  they d id  so ;  t h e  pr2blem was no s o r e  
complicated than t h a t .  . . . 
Taylor doc t r ina  d i d  not  e n t i r e l y  overlook t h e  p o s s i b i l i t y  t h a t  t h e  in- 
t roduct ion of time study in a p lan t  might cause t rouble .  The s t o p  watch 
had not  y e t  become a symbol of a11 t h a t  w a r  de tes t ab le  t o  organized labor 
in t h e  Taylor system . . . but it w u  al ready rea l i zed  among t h e  Taylor 
d i s c i p l e s  t h a t  t h e  purposes of t ime study could e a s i l y  be "misunderstood" 
. . . . I t  waa considered v i t a l  t h a t  no time s t u d i e s  be attamptad u n t i l  
a l l  working condit ions had been brought up t o  a high l eve l  of e f f i c i ency  
and standardized a t  t h a t  level .  There were two reasons f o r  t h i s .  F i r s t ,  
i f  condit ions were not s tandardized,  then t h e  job i t s e l f  w a s  not  standard- 
ized and could not be s c i e n t i f i c a l l y  timed. I t  would se rve  no purpose t o  
s e t  a time on a job today i f  tomorrow t h e  machine might be running a t  a 
d i f f e r a n t  speed, o r  i f  t h e  workman had t o  wait around a t  t h e  windw of t h e  
storeroom u n t i l  h i s  mater ia l  was ready, o r  i f  he had t o  leave h i s  sachine  
i d l e  while he ground h i s  too l s .  And secondly, it waa believed t h a t  the re  
would be l e s s  r e s i s t ance  t o  time s tudy i f  t h e  men being timed had grown 
accustomed t o  see ing a whole s e r i e s  of changes being made in t h e i r  working 
condit ions,  a11 of which made t h e i r  work e a s i e r .  . . . 
. . . Unlike other parts of the Taylor system which, as soon as they 
were instal led,  affected the organization and operation of the en t i re  shop, 
time study was introduced gradually and almost imperceptibly. . . . 
. . . Uerrick continued in regular employment a t  Watertown un t i l  June 
1913, by which date several of the arsenal 's employees had been trained t o  
take his  place as time-study experts. By the end of June 1913 . . . the 
Taylor system a t  the arsenal was on a se l f  sustaining-basis. . . . I t  was 
the arsenal 's regular system, and a l l  tha t  remained was t o  axtend and com- 
p le te  it." 
In 1900, Frederick Taylor and Uaunsel White demonstrated the i r  high-speed, 
chromium-tungsten s t ee l  a t  the Paris Exposition. a Though it ran red hot, the 
metal did not soften or  du l l .  A s  the s t ructure of the  machines a t  that  time could 
not withstand the s t resses  induced by the forces of running so hot,  heavier 
machines, f ive times as p o ~ c r f u l ,  were bu i l t  t o  exploit t h i s  innovation. Taylor 
and White took Europe by storm, and soon Taylor's notions of s c i en t i f i c  man- 
agement were well publicized. The ascendancy of the  American System of Manu- 
facture and its culmination in the Taylor System were now well known. By the 
turn of the century, the leading engineering journals were f u l l  of the new 
gospel and supporting t he i r  preachments with examples of successful innovation. 
Beretta 's Belated Adoption of Taylorism 
Taylorism arrived l a t e  a t  Beretta. With the death of Giuseppe 0.1 21 June 
1903, Pietro Beretta became head of the firm, a positicir he held 1. ti1 his own 
death in 1957. The l a t t e r  Beretta greatly enlarged the factory, ei uipped it with 
the most modern equipment, and brought out many innovative p rod~c t s .  Under his  
direct ion,  the firm rose t o  interna-~ional prominanca in less  than ta ree  decades. 
Beretta ins ta l led  three hydroelectric plants on the Mella Rive,, the f i r s t  
in 1908 and the l a s t  in 1939, which continue t o  contri.bute t o  the f i r m ' s  energy 
requirements t o  t h i s  day. With the ava i lab i l i ty ,  a f t e r  about 1910, of machine 
tools  capable of using high-speed s t > e l ,  Beretta gradually began renovating the 
equipmant in his  plant (see Figure 11 j . " 
Then, a sharp decline in domand for  sporting r i f l e s  in the years preceding 
World War I created a c r i s i s  among the manufacturers in the Trompia ',?alley. In 
the l u l l  before the storm, Beretta and h is  chief engineer, Tul l io  Uarengoni, 
threw themselves actively into the development of new designs. A patent en t i t l ed  
' Ibid.,  95-101, 106-107, 110, 112, 119 
' Landes , D. S . , The Unbound Prometheus, (Cambridge, England: Cambridge Uni- 
versi ty  Press, 1969). 297. 
" Uorin, U . ,  and R. Held, Beretta: The world's oldest industr ia l  dmastp 
(Chiasso, Switzerland: Acquafresca Editrice, 1980), 230. From the l a s t  
pre-war Beretta catalogue. 
Figure 14: The Bere t ta  fac tory ,  c i r c a  1939-1940. 
"Innovations f o r  Automatic Pis to ls ."  obtaiaed by Bere t t a  ia 1915, was the  con- 
ceptual c radle  f o r  a family of weapons t h a t  would make the  company renovned t h e  
world over.  Although with t he  war production of mi l i t a ry  arms shot up, t he re  
was no physical  expansion of t he  f a c i l i t y .  Some modem machines were added, but 
Taylorism d id  not take  hold a t  Bere t ta  u n t i l  t he  l a t e  1920s. From 1919 u n t i l  
1922, l i f e  in I t a l y  was to rn  and threatened by a l l  manner of violence.  Bere t ta  
was one of t h e  .ow f a c t o r i e s  in Brescia t h a t  was not taken over by r ebe l l i ous  
workers dur iag  t h i s  time. 
Rat ional iza t ion  of production was t h e  t a l k  of Europe in t he  1920s. Although 
t h e  teachings of Taylor and Fay01 found a recept ive  ear  i n  P i e t ro  Bere t ta ,  
Taylorism was not adopted a t  the  Bere t ta  fac tory  u n t i l  1928, when machinery 
acquired from the  firm Fabbrica d'Armi Lario ( ca l l ed  FALC), i n  Camerlate, near 
Como, was t ransferred t o  Gardone, necess i ta t ing a reorganization of the  plant 
and layout. The s i z e  of the  firm subsequently doubled, and with the  increased 
sca le  came the  functional specia l izat ion of Tayorism. 
The Ethiopian war of 1935 and I t a l i a n  intervention i n  Spain t h e  year a f t e r  
brought a flood of large orders fo r  Beret ta ' s  highly successful automatic p i s -  
t o l ,  the  Model 31. Taylorism and mass production of the  Model 31 f i t  well to -  
gether,  and the  new organizational form took hold a t  Beretta.  
It is  d i f f i c u l t  t o  say whether Bere t t a ' s  rapid growth resul ted from the i m -  
plementation of Taylorism, or from the  requirements fo r  mass production of the  
Hodel 31, which led natural ly  t o  t h e  introduction of Taylorism. Indeed, it may 
be t h a t  there  is no connection a t  a l l .  But occur together they d id ,  and the  
r e s u l t  was a dramatic increase in labor productivity.  Methods engineering was 
introduced and, though the  s i z e  of t h e  work force only doubled, t h e  s i z e  of t h e  
s t a f f  group increased three-fold.  Most of the  impact of methods engineering was 
in t h e  reduction of rework, which dropped from 10% t o  25X." 
A t  Beret ta ,  as elsewhere, the  ethos of work was fundamentally a l t e red  by 
Taylorism. In the  Beretta factory separation of l i n e  and s t a f f  was complete; 
t h e  stop watch, the  eff ic iency exper t ,  and productivity measures were there  t o  
s t a y .  Though bela tedly ,  Taylorism had met Beretta and now they were one. 
Let us now examine the  changes wrought by t h e  Taylor system on the  wozk 
s t a t i o n  and process control a t  the  work s t a t i o n .  
(1) The scope of work was r e s t r i c t e d  under the  Taylor system. Material h.mjling, 
too l  sharpening, b e l t  t ightening, o i l i n g  machinery, work set-up, a id  other 
secondary a c t i v i t i e s  were no longer dane by the  operator but by spec ia l ly  
t ra ined people, each of whom performed only a s ing le  function. Such func- 
t iona l  specia l izat ion was not new. I t  axtended t o  secondary operatic..rs a 
concept begun with t h e  American system of manufacture. 
(2) Worker discret ion was eliminated. The 3arth s l i d e  rule  specif ied exactly 
how an operation was t o  be performed and tasks  were s e t  by an "efficiency 
expert." Work was brokon down i n t o  small pa r t s  and standardized. There was 
"one best  way" t o  perform a task,  which w a s  specif ied by an outs ide  ob- 
server ,  and the  worker's so le  responsibi l i ty  w a s  t o  execute the  procedure 
t h a t  const i tu ted t h a t  one best  way.Systom variance w a s  reduced by elimi- 
nating worker d i sc re t ion  and making t h e  task reproducible. This was 
Taylor's l a s t ing  contribution. 
(3) Control of work was now in the  hands of managemont, which could compare t h e  
quantity of work performod against  a predetermined standard and monitor 
worker e f f o r t .  Much has been wri t ten on the  aspects of managamont control 
' I t  should be noted t h a t  10% rework does not mean t h a t  40% of the  p a r t s  were 
rejected. I f  only 10% of tho pa r t s  were re jected,  but it took four times 
as long t o  repair  tham, we would have 40% of t o t a l  work as rework. 
of work and the setting of standards. Senate testimony on Taylorism at the 
Watertown Arsenal documents much of the resulting antagonism between man- 
agement and labor. '' 
With Taylorism, we had crossed another intellectual watershed--the study of 
procedure of manufacture independently of the process of manufacture. How one 
set up a tool on a machine was largely independent of the process, hence, tool 
set-ups could be studied in their own right. The efficient layout of a plant 
was now independent of what was made. Such separations gave rise to the field 
of Industrial Engineering, which was quite distinct from its parent, Mechanical 
Engineering. 
'' Hearinps before the Special Committee of the House of Representatives to 
Investigate the Taylor and Other Systems of Shop Management (3 vols., 62nd 
Congress, 2nd session, Washington, D.C., 1912). 
THE DYNAMIC WORLD - -  STATISTICAL PROCESS CONTROL 
In  t h e  1950s. following t h e  establishment of NATO. Beret ta  was l icensed t o  
manufacture t h e  semi-automatic Garand M - 1  r i f l e .  A decade e a r l i e r ,  t h e  Garand 
had transformed t h e  manufacturing system a t  t h e  Spr ingf ie ld  Armory. I t  would 
do the  same a t  Bere t ta ,  but  with a d i f ference .  
Most of the  equipment a t  Spr ingf ie ld  when it received t h e  contrac t  t o  manu- 
f ac tu re  Garands was of World War' I vintage.  Because t h e  armory had lagged behind 
in t he  adoption of t h e  new technology, which emphasized t h e  in t eg ra t ion  of 
mul t ip le  operations in a s i n g l e  machine, a massive program of equipment reno- 
vat ion and p lan t  modernization had t o  be undertakein. (See Figure 15 f o r  photos 
of t h e  machinery used t o  manufacture the  Garand a t  Spr ingf ie ld , '  and Figure 16 
f o r  an i l l u s t r a t i o n  of the  machining operations required on a p a r t i c u l a r  
piece.  ) ' 
~ e r e t t a ' s  contrac t ,  coming a decade l a t e r .  a f t e r  t h e  Second World War, had 
an impact t h a t  went beyond t h e  renovation of equipment. The M - 1  required t o l -  
erances g rea te r  by an order of magnitude than any t h e  company had previously 
experienced, and t h e  spec i f i ed  degree of inze rchmgeab i l i ty  of components was 
100%. Machines f o r  producing t h e  Garand had t o  possess both accuracy and pre-  
c i s ion .  Bere t ta  chose t o  bui ld  its own mlchines on p r inc ip le s  es tabl ished by 
Garand. A s  Beret ta  was not a machine t o o l  bui lder ,  t h i s  experience emerted a 
profound inf luence  on both t h e  company's manufacturing system and its organ- 
i z a t i o n  of production. 
Monitoring Variation and Its Sources 
Because the  machines t h a t  Bere t ta  b u i l t  d id  not have t h e  process capab i l i ty  
o f ,  f o r  instance,  t h e  Kingsbury mul t i -s ta t ion  machines f o r  d r i l l i n g  and reaming, 
t h e  machining process had t o  be constant ly  monitored f o r  any devia t ion from t h e  
prescribed process s e t t i n g s .  Machines with a tendency t o  "wander1* demanded a 
new technique t o  enhance process capab i l i ty .  Thw it w a r  t h a t  s t a t i s t i c a l  
procesr control ,  invented in t h e  United S t a t e r  in t h e  1930s. w a s  adopted by 
Berat ta  before it war ever used a t  t h e  Spr ingf ie ld  Armory. 
Though it seemed, a t  t h e  time of its in t roduct ion,  an innocuous enough 
change, s t a t i s t i c a l  process control  (SPC) r ad ica l ly  a l t e r e d  t h e  organizat ion 
of work a t  Bere t ta .  Meant t o  ensure process s t a b i l i t y ,  SPC required only t h a t  
process behavior f o r  a sample of p a r t s  be recorded on cha r t s  a t  spec i f i ed  in- 
t e r v a l s  of time. Yet we s h a l l  see  hou, over a period of only f i v e  years ,  it 
Modem Small Arms (Cleveland, Ohio: Penton Publishing Co., 1942), 8,  11. 
Gun Manufacture (New York: McGraw-Hill, 1942), 121. 
Figure 15: Machinery a t  the Springfield Arsenal for  mi l l ing  ( l o ) ,  rough 
curning (11 and 121, r i f l i n g  (22) ,  chambering (23). and t e s t i n g  (25)  the  
Garand M-1. 
Figure 16: Saquence of machining operations fo r  t h e  Garand sa fe ty .  
changed the  ethos of manufacturing management a t  Beretta and with it t h e  o r -  
ganization of work. 
Before t h e  Garand, r i f l e  pa r t s  were, almost without exception, made by means 
of a tedious succession of s ing le  machine cuts  supplemented by hand operations.  
Tolerance requirements fo r  a v a r i e t y  of operations on t h e  H-1 ,  as can be seen 
in t he  operations sheet (Figure 17),  a r e  .001 inches. '  
F inish  reaming and r i f l i n g  operations,  f o r  example, require  t h a t  p a r t i c u l a r  
a t t en t ion  be paid t o  t o o l  sharpening. The reamer is ground dry on a standard 
too l  and c u t t e r  grinder with a g r i t  wheel t h a t  removes .I01 inch of mater ia l  
a t  the  r a t e  of .0002 inches per pass. Bore and grooves must be absolute ly  
smooth, t o  a to lerance of .001 inch. The dimensions of both are- inspected a t  
every inch along the  length of the  ba r re l  by means of s t a r  gauges, gauges with 
expanding f ingers  t h a t  t r a n s f e r  t h e i r  readings t o  a vernier  ca l ipe r  a t  the  end 
of a long rod. A spr ing attached t o  the  s t a r  gauge ensures .bmifom pressure when 
expanding the  measuring po in t s ,  thus eliminating va r i a t ions  due t o  t h e  
inspector ' s  touch. Fixtures  devised t o  f a c i l i t a t e  production included t h e  use 
of multiple se t -ups ,  quick clamping arrangements, and spec ia l  indexing devices.  
Beretta,  when it commenced manufacture of the Garand, had t h e  advantage of 
hindsight--a decade of experience a t  Spr ingf ie ld .  In e lec t ing  t o  bui ld  its own 
f ix tu r ing ,  gauging, and t o o l  systems, t h e  company w a s  e f f e c t i v e l y  blazing a new 
t r a i l  in high precis ion manufacture. Although the  machines Berat ta  b u i l t  could 
hold the  required to lerances ,  they had t o  be constantly monitored t o  prevent 
excursions from the  process l imi ts .  This is where s t a t i s t i c a l  process control  
came in. 
' Gun Manufacture (New York: HcGraw-Hill, 1942), 1 1 7  
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Figure  1 7 :  Operat ions s h e e t  f o r  Garand r i f l e  ( S p r i n g f i e l d  Arsena l ) .  
The p r i n c i p l e s  of s t a t i s t i c a l  p rocess  c o n t r o l  assume t h a t  machines a r e  i n -  
t r i n s i c a l l y  imprec ise ,  t h a t  i s ,  t h a t  an i d e n t i c a l  procedure w i l l  produce d i f -  
f e r e n t  r e s u l t s  on t h e  same machine a t  d i f f e r e n t  t imes .  The degree  t o  which t h e  
r e s u l t s  vary  w i l l  depend on t h e  c a p a b i l i t y  of t h e  machine t o  main ta in  p r e c i s i o n .  
The v a r i a t i o n  w i l l  always be more o r  l e s s ,  but  never  zero .  
The sources of va r i a t ion  a re  of two kinds,  random and systematic.  Systematic 
sources of va r i a t ion  produce e r r o r s  t h a t  have an assignable cause and introduce 
a p a r t i c u l a r  b i a s .  Tool wear, f o r  example, leads t o  l e s s  metal reduction i n  
subsequent pieces as t h e  amount of t o o l  feed ge t s  smaller .  Random sources of 
va r i a t ion  produce e r r o r s  t h a t ,  due t o  a mul t ip l i c i ty  of causes, can be 'ne i the r  
observed nor control led .  
I f  we can observe a process and iden t i fy  when a systematic e r r o r  occurs,  we 
can ass ign a cause and make t h e  necessary correction.  This observation can be 
accomplished by using a control  cha r t  (Figure 18) .' The control  cha r t  is  based 
on t n e  premise t h a t  a l l  random processes have a p a r t i c u l a r  pa t t e rn .  The f r e -  
quency d i s t r i b u t i o n  o f ' a  given dimension, f o r  instance,  might be expected t o  
follow, in s t a t i s t i c a l  parlanca.  a normal d i s t r i b u t i o n  i n  which 99.5% of a l l  
measurements w i l l  f a l l  between two l imi t ing  values,  ca l l ed  confidence l i m i t s ,  
t h a t  l i e  t h r e e  standard deviations above and below t h e  average value of the  
d i s t r i b u t i o n .  When t h e  dimension f a l l s  outs ide  t h e  defined l i m i t s  ( i . e . ,  an 
"out-of-control" s i t u a t i o n  is encountered), t he re  is  a high p robab i l i ty  t h a t  
t h e  excursion i s  due t o  a systematic e r r o r  f o r  which we can t r y  t o  f ind  an as-  
s ignable  cause. Having i d e n t i f i e d  t h e  cause, we c a n t h e n  take  co r rec t ive  ac t ion  
and br ing :he process back under control .  
The control  cha r t  is an a t t e n t i o n  focusing mechanism. It s e l e c t i v e l y  pre- 
s e n t s ,  t o  an opera tor  who has a niuaber of d i f f e r e n t  th ings  t o  a t tend t o ,  only 
those s i t u a t i o n s  t h a t  a r e  c r i t i c a l  and require  immediate a t t e n t i o n .  Introduced 
by an engineer on t h e  frame l i n e  a t  Bere t ta ,  it reduced r e j e c t s  dramatica!ly, 
from 15% t o  3%. 
It might be he lp fu l ,  a t  t h i s  po in t ,  t o  c l a r i f y  t h e  concepts of process ca- 
p a b i l i t y  and process s t a b i l i t y .  The precis ion a machine is  capable of i s ,  as 
noted above, defined by t h e  standard devia t ions  of t h e  random var i a t ion  in i t s  
performance. I t  is a property of t h e  machine. The to lerance  required by 
workpiece might be more o r  l e s s  than a machine is capable of achieving. Prucp.ss 
capab i l i ty  is t h e  r e l a t ionsh ip  between t h e  precis ion of t h e  machine and t h e  
to lerance  required by a workpiece. A conmron measure of process capab i l i ty  is 
defined by t h e  r a t i o :  to lerance/6  * t h e  standard devia t ion.  Process s t a b i l i t y  
r e f e r s  t o  t h e  frequency with which a process goas out-of-control .  I t  is  a 
measura of machine r e l i a b i l i t y ,  and is unrela ted  t o  process capab i l i ty .  A ma- 
chine might be very capable but un re l i ab le ,  o r  v ice  versa .  
A t  Bere t t a ,  machine r e l i a b i l i t y  was being monitored and measured by t h e  mean 
time between systematic e r r o r s .  (See Figure 1 9 . )  A s  systematic e r r o r s  have 
ass ignable  causes,  and as  t h e  control  cha r t  focuses a t t e n t i o n  on every poss ib le  
ass ignable  cause, one is  led  na tu ra l ly  t o  manage contingencies in t h e  process.  
Source: P i e t r o  Beretta.  Gardone, I t a l y .  

To reduce the mean time between systematic e r r o r s  one needed t o  find ways by 
which the  sources of t h e  e r ro r s  could be eliminated. The appl icat ion of SPC 
provided one way by ~ h i c h  e r ro r s  could, over time, be observed, b e t t e r  under- 
stood, and eventually solved. ~ a n u f a c t u r i n g ' s  evolution from an a r t  t o  a s c i -  
ence now included a systematic way of learning by doing. 
The success of t h e  method on t h e  frame l i n e  led t o  i t s  use i n  o the r  areas;  
over a f i v e  year period, process control  char ts  were introduced a t  more than 
eighty s t a t i o n s .  A 1 1  c r i t i c a l  operations employed a process control  cha r t  and 
an operator responsible f o r  monitoring the  process. 
Let us consider t h e  work s t a t i o n  fo r  a moment. With s t a t i s t i c a l  process 
control ,  day-to-day managanent a t t en t ion  was redirected from the  qua l i ty  of a 
product t o  t h e  performance of a process. Concern was no longer with mean per- 
formance, but with the  "out l iers ,  " t he  out -of -control  s i t u a t i o n s  ; not with 
worker e f f o r t ,  but with machine variance.  Inasmuch as semiautomatic machines 
controlled the  pace of operations anyvay, t h e  s h i f t  in focus from worker e f f o r t  
t o  machine variance would seem ra t iona l .  Yet Beretta was unique among small arms 
manufacturers i n  making t h i s  s h i f t  in operations.  We w i l l  shor t ly  see why. 
Semiautomatic machines automated t o o l  movement, thus reducing labor i n  man- 
ufacture.  They a l so  separated the  work of operator and machine, enabling each 
t o  perform d i f f e r e n t  functions indepmden~ly  of one another.  This provided 07- 
e ra to r  s lack,  which could be used e i t h e r  t o  monitor t h e  machine o r  t o  operate 
more than one machine. The inc l ina t ion  t o  increase labor productivity would 
suggest t h a t  an operator be assigned two machines; r;hile one math-ne is busy 
cu t t ing  metal, the  operator.could be s e t t i n g  up t h e  second. This gas the  
s t r a t egy  adopted a t  Spr ingf ie ld  f o r  Garand production. 
Such a s t r a t egy  i s  reasonable a s  long as machines a r e  extremely r e l i a b l e  
( i . e . ,  t h e  mean time between defects  is large) .  When t h i s  is not t h e  case,  w, m 
we have machines subject  t o  per iodic  excursians from the  process parameters, 
we not only experience g rea te r  r a t e s  of r e j e c t s  and downtime, but contingencies 
on one machine a f f e c ~  the  production output of o thers .  During the  ea r ly  years 
of Garand production a r  Beret ta ,  operator s lack time was occupied by s t a t i s t i c a l  
proc.ess control  t a sks  f o r  a l l  c r i t i c a l  operations.  
I f  t h e  volume of output is control led  by the  speed of the  machine and t h e  
only control lable  element a t  a work s t a t i o n  is t h e  minimization of problems with 
t h e  machine. operator a t t en t ion  q u i t e  na tu ra l ly  should be on t h e  s t a b i l i t p  of 
the  process. That processes change over time is impl ic i t  in such an ethos of 
vork. The essence of a process is its dynamic cha rac te r i s t i c s .  This is i n  s t a r k  
contras t  t o  t h e  e a r l i e r  Taylor view, which cas t  a l l  problems in e s s e n t i a l l y  
s t a t i c  terms. In t h e  Taylor world, the re  was "one bes t  way" t o  do something 
and, having specif ied  it, vork was defined by performing it i n  t h a t  way forever 
more. I n  t h e  dynamic v i w ,  vork is defined in terms of ident i fy ing problems and 
diagnosing and solving fo r  them. Supervision of work in  a dynamic environment 
consis ts  not in monitoring e f f o r t  bur i n  f a c i l i t a t i n g  change. 
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F i g u r e  19:  Mean t ime becween s y s t e m a t i c  e r r o r s .  
The Q u a l i t y  Cont ro i  Funczion 
What began a s  means f o r  c o n t r o l l i n g  r e j e c t s  on B e r e t t a ' s  frame l i n e  became, 
over  a  p e r i o d  o f  f i v e  y e a r s ,  a  new system o f  manufacture.  Q u a l i t y  Engineer ing  
r e p l a c e d  I n d u s t r i a l  Engineer ing  a s  t h e  dominant echos .  Now, f o r  each phase of 
t h e  p roduc t ion  p r o c e s s ,  t h e  Qual i ty  Cont ro l  S e r v i c e  e s t a b l i s h e d :  
o  p o i n t s  i n  t h e  p roduc t ion  process  r e q u i r i n g  i n t e r v e n t i o n ;  
o  ins t ruments  t o  be  used;  
o  norms t o  be  fol lowed i n  i d e n t i f y i n g  and c o r r e c t i n g  d e v i a t i o n s ;  
o  procedures f o r  de te rmin ing  t h e  c o s t s  of  q u a l i t y  c o n t r o l ,  s c r a p ,  and r e -  
work; and 
o  r e s p o n s i b i l i t y  and a u t h o r i t y  of t h e  i n d i v i d u a l  t o  whon :he c c ~ t r o l s  were 
e n t r u s t e d .  
Qual i ty  Control was responsible for  quan t i t a t ive ly  measuring the  na tu ra l  
v a r i a b i l i t y  of every machine and the  degree of f i d e l i t y  of every t o o l ,  ver i fy ing 
too l  col i fowi ty  t o  design,  and ident i fy ing poss ib le  causes of systematic e r ro r .  
Through a s t a t i s t i c a l  analys is  of t h e  col lec ted  measurements (Gauss d i s t r i b -  
u t ion and confidence l imi t s )  t h e  na tu ra l  to lerance  of a machine could be c a l -  
culated m d  reg i s t e red  and a control  method designed f o r  acceptad processes. 
The q u a l i t y  control  system t h a t  was as tabl ished included: frequency of 
measurunent of p a r t i c u l a r  dimensions during manufacture; est imation procedures 
of procass performance, together with methods of diagnosis,  i f  warranted; and 
procedures f o r  correc t ion of t h e  process by operators,  as well as condit ions 
under which machines should be stopped and examined by Qual i ty  Control. A 
q u a l i t y  control  supervisor was responsible f o r  a igh t  t o  t e n  machines and f o r  
day-to-day control  of t h e  process in t h e  p l m t .  There were t h r e e  o ther  s t a f f  
groups in Quality Control: 
o Tes t ing,  which was responsible f o r  ce r t i fy ing  product qua l i ty  and ensuring 
conformance t o  product spec i f i ca t ions ;  
o Metrology, which was responsible f o r  t h e  control  of t o o l s ,  t he  ca l ib ra t ion  
of measuring instruments,  and preparation of control  instruments; and 
o External  Supply Control ,  which was responsible f o r  t h e  control  of raw 
mater ia ls  and p a r t i a l l y  completed products supplied by outs ide  vendors, 
a s  well a s  f o r  se l ec t ion  of outs ide  vendors. 
A s  might be expected, scrap and r e j e c t s  were dramatically reduced--from 2L.Z 
t o  8%. Labor product iv i ty  improvaments were not t h a t  s i g n i f i c a n t ,  25% over f i v e  
years ,  and c a p i t a l  i n t ens i ty  was unchanged. In l i g h t  of t h i s ,  one might ques- 
t i o n  our character iza t ion of t h i s  change as a revolution.  
From a S t a t i c  World t o  a Dynamic One 
The i n t e l l e c t u a l  h i s t o r y  of process control  had seen a s h i f t  from a s t a t i c  
world v i w  t o  a dynamic one, in which continual change and improvement were t h e  
ra ison d ' e t r e  of management. I f  constant  improvament was t h e  focus of manage- 
mant a t t u i t i o n ,  why d i d n ' t  such improvement t r a n s l a t a  i n t o  product iv i ty  o r  
q u a l i t y  improvemuits? The answar l i e s  In t h e  performance spec i f i ca t ions  of t h e  
products themselves, and t h a  in t roduct ion of n w  products with ever g rea te r  
to lerance  requirements. Considar the  Garand. Beretta was able  t o  improve upon 
t h i s  r i f l e  with a new c a l i b r e  b a r r e l ,  a new type of magazine and feeding system, 
and a new s e a r ,  ca l l ed  the  BH-59, t h a t  a l l w e d  f u l l y  automatic f i r e  upon re -  
l ec t ion .  This arm was adoptad by t h e  I t a l i a n  Army i n  th ree  d i f f e r e n t  versions.  
Though labor product iv i ty  was l i t t l e  changed a t  Bere t ta ,  sevara l  character-  
i s t i c s  of manufacture changed in fundamental ways. The composition of t h e  work 
force  changed, with q u a l i t y  control  becoming an in t eg ra l  p a r t  of manufacture 
and commanding a l a rge r  s t a f f .  The s t a f f  l i n e  r a t i o  vent from 60:ZCO t o  100:200. 
The organization of work changed, v i t h  production of each major componecc or-  
ganized a s  a synchronous t r a n s f e r  l i n e .  The ba r re l  l i n e ,  for  example, became 6 
synchronous shop with twenty-four people, nine of them qna l i ty  control  person- 
n e l .  
A synchronous l i n o  is on0 in which a l l  of the  operations roquirod t o  manu- 
f ac tu re  a component a r e  r a t i o n a l l y  l a i d  ou t ,  with sequent ia l  oporationr located 
n u t  t o  one another on tho shop f loo r .  Buffer inventories botwoen oporations 
a r e  kept vary small  (equal t o  on0 hour o r  l e s s  of work). Throughput timo, t h a t  
2 -  -1.- 
,, -.., *fme betwoon t h e  s t a r t  of  tho  f i r s t  operation on a workpioco and tho 
completion of t h e  l a s t ,  is g roa t ly  reducod by synchronous l i n e s .  Bocauso 
throughput t h o  is s h o r t ,  problems can bo caught quickly and corrocted before 
a l o t  of piocos requir ing rework a r e  creatod.  On. obvious benof i t  is =hat rhe 
qua l i ty  of components is improvod. Anothor, nor. s u b t l e  benef i t  is t h a t  d i e -  
nos is  and problem solvf.ng is n w  ca r r iod  ou t  by oxmining the  work s t a t i o n  not 
in i s o l a t i o n  but u p a r t  of t h e  o n t i r e  system. 
Considor a problem a t  oporation 5 in a procoss whoso assignable cause is a t  
oporation 3. In  a conventional shop with a l o t  of buffor  inventory,  t h e  p r i o r  
s t a t i o n s  might be working on d i f fo ren t  batchos of products and may have had a 
now set-up,  whilo tho  batch of products having t h e  probloms might have beon made 
on a d i f f o r e n t  s h i f t .  Looking f o r  assignable causos in such an s i t u a t i o n  would 
l iko ly  be f r u i t l o s s ,  a s  tho  circumstances under which the  problem arose would 
have changod. In a synchronous l i n e  with low buffer inventor ios ,  one can examine 
the  e n t i r e  systom f o r  t h e  car;ses of problems. While t h i s  increases the  scope 
of tho  problem solving domain, it a l s o  involves more than one operator ( i . e . ,  
a team) in ~ : l e  problem solving e f f o r t .  A s h i f t  in t he  organization of worr; has 
occurrod. Now whon tho  soarch f o r  assignable causes and soiut ions  f o r  I problem 
c a l l s  f o r  a team o f f o r t ,  a team can be b r o q h t  t o  hea r .  
Together, synchronous l i n e s  and s t i t i s t i c a l  process control  d r ive  an organ- 
i za t ion  towards an othos of process improvement t h a t  i n c i d r s  a v i a  of an in- 
togra ted  procoss. La t t e r  day advances in s imi la r  concepts, such as Jc t - in- t ime 
production i n  Japan, have amply d o m ~ r ~ s t r a t e d  the  success and rad ica l  t r ans fo r -  
mation of work wrought by such systems. 
Lot ua n w  con t ras t  with those  e f fec ted  by e a r l i e r  innovations t h e  p r inc ipa l  
changes in t h e  naturo  and organization of work brought about by t h e  in t roduct ion 
of s t a t i s t i c a l  procoss control .  
& we noted e a r l i e r  in t h e  discussion of Taylorism, t h e  management of work 
w u  t ho  management of o f f o r t .  With s t a t i s t i c a l  procoss con t ro l  it s h i f t e d  
t o  mmagomont of a t ton t ion .  I t  was tho  ' 'outliers" in a process t h a t  were 
nau of i n t e r e s t  t o  managomont; only by a t tending t o  these  could on0 hope 
t o  improve product iv i ty  o r  q u a l i t y .  Attention,  a cogni t ive  a b i l i t y ,  
s t ro r sod  information processing and diagnost ic  s k i l l s .  Learning about 
o u t l i o r s  could only take  p lace  when problems wero recognized, describod, 
and solvod, and t h i s ,  of necessity, could only take  p lace  a t  t h e  work s t a -  
t i o n  ~ i t h  t h e  help of the  operator.  Discre t ion and control  of work, which 
wore marlier  romoved from tho  opera tor ,  were res tored.  
( 2 )  L'nder Taylorism, besides the  obvious management t a sk  of making su re  proce- 
dures were executed as  planned, the  p r inc ipa l  management task  Gas coordi-  
nation.  With funct ional  spec ia l i za t ion  of labor,  one had t o  be a concert 
master t o  ensure tha t  t he  firm, a s  a whole, functioned e f f i c i e n t l y .  Thc 
planning cen te r ,  which served t h i s  coordination function,  was the  nerve 
canter  of productive a c t i v i t y .  With SFC, t he  Quality Control department took 
over t h e  p r inc ipa l  functions of manufacturing management. Concern f o r  
schedules and production output was subordinated t o  concern f o r  qua l i ty  and 
process improvement. 
(3) The synchronous l i n e  forced an in tegra ted  view of t h e  e n t i r e  system of 
manufacture. Whereas t h e  i n t e l l e c t u a l  underpinnings of Taylorism were 
reductionism and spec ia l i za t ion ,  t h a t  of SPC in a synchronous l i n e  was in-  
t e g r a t  ion. 
(t) Information management of process parameters was i n s t i t u t i o n ~ l i z e d .  With 
the  in t roduct ion of SPC the re  was, f o r  the  f i r s t  t ime, e x p l i c i t  recognit ion 
and separa t ion of t h e  information about operating process parameters and 
t h e  physical  processing of mater ia l .  The separa t ion of information about a 
procedure from the  procedure i t s e l f  was t h e  i n t e l l e c t u a l  watershed crossed 
by s t a t i s t i c a l  process control .  Now it was poss ib le  t o  observe and study 
the  e f f i cacy  of procedures. 
I t  would not be very long before one could completely separa te  information 
processing from mater ia l  processing.  This vould coa,e i n  the  form of the  next 
technological  breakthrough, numerically control led  machines. 
TIE NUMERICAL COh?ROL ERA 
Beret ta  acquired i ts  i i rst  numerically control led  (NC) machines in 1976. 
These machines functioned automatically,  performing operations and changing 
t o o l s  according t o  numarically codad ins t ruc t ions .  Although t h i s  technology 
had bagun t o  spread through I t a l y  a t  t h e  beginning of the  decade, i ts  presence 
w a s  i so la tad .  Its primary usars ware companies t h a t  manufactured small quanti-  
t i e s  of products of high value. With the  introducrion'of microprocessors, con- 
t r o l l e r s  went down in cost  m d  up in r e l i a b i l i t y ,  making NC technology v iab le  
fo r  large  s c a l e  -0. Beret ta  introduced these  systems i n t o  t h e  high volume 
production (200 t o  400 pieces per day) of small- t o  medium-size products. 
Beretta regarded t h e  automation of t o o l  changing, vhich meant t h a t  what had 
formerly been accomplished with a t r a n s f e r  l i n e  could now be accomplished v i t h  
a s i n g l e  machine, as t h e  s ing la  most s i g n i f i c a n t  bene f i t  of NC technology. The 
NC machines (see Figure 201,' which combined the  v e r s a t i l i t y  of general-purpose 
machines and the  product iv i ty  of special-purpose machines, a l s o  overcame l i m i -  
t a t i o n s  imposed on p a r t i c u l a r  components by t h e  spec ia l i za t ion  of t r a n s f e r  
l i nes .  But they vere  expensive. A t  t h e  time, the  bes t  Beretta was able  t o  obta in  
vas a four-year payback, and some had an eight-year payback. 
"AS you can see ,"  s a i d  company pres ident  Ugo Beret ta .  "it was not what you 
vould c a l l  a b r i l l i a n t  investment. But ve had t o  do it sometime. We could have 
waited, but  we could not tu rn  back t h e  clock.  I t  was a very nev technology, with 
e l ec t ron ics  and computers, end ve had t o  understand it. Instead of wai t ing ,  we 
decided we vould go ahead and buy a machine t o o l  company and learn  t h e  new 
technology. So we bought HIVAL, a small machine too l  company with exper t i se  in 
t h i s  f ield." '  
Numerical Control had evolved out  of a program funded by t h e  United S ta t e s  
A i r  Force in t he  l a t e  1940s. Although the  f i r s t  commercial products were offered 
a decade l a t e r ,  t h e r e  vas no s i g n i f i c a n t  penetration of NC systems u n t i l  con- 
t r o l l e r s  became -re economical and r e l i a b l e  in t he  1970s. A s h i f t  in t he  es-  
sence of NC control--from coded tapes  and hard-wired decis ion c i r c u i t s  t o  
executive software m d  microprocessors--simplified t h e  operation and program- 
m i n g  of NC s y s t m s  m d  made machine t o o l  control  f a s t e r  and more f l e x i b l e .  
The work cycle of NC machines--the s e t  of motions t h a t  determiner t h e  sa -  
l ec t ion  of t o o l s ,  t h e i r  proper pos i t ioning in t h ree  dimensions r e l a t i v e  t o  a 
workpiace, t h e  feeding of workpiecas, t he  flow of coolant ,  e t c . - - i s  recorded 
as  a s e r i e s  of codes on punch t apes ,  magnetic tapes ,  o r  i n  semiconducto~ memo- 
r i e s .  Played back, these  ins t ruc t ions  put  an NC machine through its paces,  be 
Source: Advertising brochure, P ie t ro  Bere t ta ,  Gardone, I t a l y .  
Personal communication. 
Figure 20: h?VAL hor i zon ta l  machining center .  
- 
they  d r i l l i n g ,  gr inding ,  c u t t i n g ,  punching, mi l l i ng ,  o r  some combination of 
these .  
The motions a machine t o o l  must go through t o  produce a p a r t  a r e  descr ibed  
i n  d e t a i l ,  mathematically, in accordance with t h e  b luep r in t  s p e c i f i c a t i o n s  of 
t h e  p a r t .  This reduces t h e  e n t i r e  process of producing a p a r t ,  inc luding  t h e  
s k i l l  o f  t h e  machinist ,  t o  a formal,  abs t r ac t  expression,  which, when coded and 
t r a n s l a t e d  by a microprocessor, a c t i v a t e s  a machine's con t ro l s .  Every movement, 
however s l i g h t ,  has t o  be formally,  e x p l i c i t l y ,  and p rec i se ly  a r t i c u l a t e d .  With 
such programmable automation, a switch in products no longer e n t a i l s  phys i ca l  
se t -up  changes t o  r e too l  o r  r ead jus t  t h e  conf igura t ion  of t he  machines, only  a 
switch i n  programs. Thus, NC technology combines the  v e r s a t i l i t y  of general  
purpose machines with t h e  p rec i s ion  and cont ro l  of spec i a l  purposp. c r  
s e l f - a c t i n g ,  machines. 
"In t h e  p a s t , "  observed The American Hachinisi  i n  197?, 
humans were both translators  and transmitters o f  information: the  operator 
was the  ult imate in ter face  becwecn design i n t e n t ,  as incorporated i n  a 
drawing or ins t ruc t ion ,  and machine function.  The human used mental and 
physical a b i l i t i e s  t o  control machines. Today, computers are increasingly 
becoming the  translators  and ~ i - a ~ s m i t t e r s  o f information,  and numerical 
control i s  perhaps most representative o f  t h e  kind o f  control tha t  plugs 
i n t o  t h e  greater stream wi th  a minimum o f  human intervent ion.  His tor ica l l y ,  
numerical control cer tainly  has been the  most significant development o f  
the  e lectronic  revolution as it a f f e c t s  manufacturing.' 
Advanced control techniques variously allow N C  machines t o  record u t i l i z a -  
t i o n  and cut t ing too l  l i f e ,  reduce set-up e f f o r t s  and t ime ,  compensate for e r -  
rors ,  inspect surfaces and make automatic adjustmenrs, allow operators t o  modify 
t h e i r  progr-ing on t h e  shop f l o o r ,  record events o f  t h e  l a s t  minute or two 
prior t o  a f a i l u r e ,  and perform se l f -d iagnos i s .  Coupled wi th  greater soph i s t i -  
cation in machine tool  design,  numerical control made possible t h e  development 
o f  stand-alone machining and turning centers capable o f  s h i f t - l o n g ,  untended 
operation. 
N C  technology, a f t e r  two decades o f  f a i l u r e ,  came i n t o  i t s  own wi th  the  a d -  
vent o f  microprocessors. Uicroprocessor technology made control lers  a t  once 
extremely powerful and r e l a t i v e l y  inexpensive,  and i t s  greater computer power 
made possible sophisticated yet f l e x i b l e  and "user friendly" operator in ter -  
faces .  
The ear l i e r  problems o f  NC technology were part ia l ly  due t o  t h e  programmers' 
l imited formal knowledge o f  t h e  machining process. A l o t  o f  the  t a c i t  kno~ledge  
possessed by operators was not accessible t o  chem. This l imited understanding 
o f  var iat ions  i n  machinabili ty,  tool  wear, and part material properties,  t o -  
gether wi th  inadequate control s trategies  for  coping wi th  these shortcomings, 
s i g n i f i c a n t l y  constrairred early  implementations o f  N C  technology. But it was 
only a matter o f  time before  more o f  the  t a c i t  knowledge impl ic i t  i r .  operator 
s k i l l s  became precise ,  e x p l i c i t  procedures capable o f  dealing u i t h  a var ie ty  
o f  contingencies.  
N C  Technolog_v a t  Beretta - -  From Synchronous t o  Cellular 
What happened t o  t h e  organization o f  work i n  the  Beretta plant a f t e r  the  
i n s t a l l a t i o n  o f  NC machines i s  in te res t ing .  In the  t r a n s f e r - l i n e ,  the  average 
cycle time for  a product was two minutes. Half o f  t h i s  was a t t r ibu tab le  t o  t h e  
machine, the  other h a l f  t o  the  operator. With the  automation o f  tool  changing, 
a var ie ty  o f  operations could be done by a s ingle  machine, but the  overall  cycle 
time increased. The cycle time required t o  perform t h e  operations o f  three  
machines would be 3 . 6  minutes, three  o f  which would be machine t ime.  Thus, the  
N C  machine replaced three machines, but took almost twice as long t o  produce a 
single' part. 
' Soble,  D. F . ,  Forces o f  Production (Kex York: A!fred A .  Rnopf, 1 9 6 - ) ,  
221(n.). 
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Figure 21: Time cycle  for  two operations = 1.90 m i n .  or an average 
o f  0.95 min./operation.  
One can see tha t  an operator o f  t h i s  N C  machine would be i d l e  85% o f  t h e  t ime.  
By allocating two machines t o  a person, operator i d l e  t ime could be reduced t o  
66';. (See Figure 2 1 . )  The greater t h e  machine component o f  the  cycle  t i m e ,  the  
larger the  c l u s t e r  o f  machines around the  operator.  This  leads t o  a ce l lu lar  
rather than synchronous plant layout .  
In a synchronous l i n e  wi th  one-minute cycle  t imes ,  an operator performed a 
f i x e d ,  unchangeable rou t ine .  The nature o f  the  work was determined by "hard 
automation," the  j i g s ,  f i x t u r e s ,  and cams tha t  governed t h e  performance o f  the  
operation.  With hard automation, considerable e f f o r t  was expended L O  get the  
j igs and f i x t u r e s  righz the  f i r s t  t ime.  "Qua l i t y"  was front-end loaded i n  the  
hardvare des ign,  and qua l i t y  contrcl r;as a process o f  montzrrir.g and =ending 
the  machines and t o o l s .  
The scope o f  a c t i v i t y  a t  any given work s t a t i o n  was very smal., and the  pace 
o f  work was established by the  machine. The principal i n t e l l e c t u a l  a c t i v i t y  on 
t h e  l i n e  c o n s i s ~ e d  i n  monitoring machine performance and diagnosing problems 
when they  occurred. Because a problem at any one s ta t ion  on a synchronous l i n e  
could stop a l l  subsequent operations,  thus exacting a high cost i n  product iv i ty ,  
a large and central ized  se t  o f ' r e sources  uas allocated t o  problem so lv ing .  A? 
Beret ta ,  t h i s  a l locat ion was seen i n  the  growth o f  t h e  Q u a l i t y  Control aeparz- 
ment . 
A ce l lu lar  plant layout s i g n i f i c a n t l y  increases t h e  scope o f  a c t i v i t i e s  for  
vhich  an operator i s  responsible.  The t v e l v e  operator s ta t ions  i n  t h e  barrel 
l i n e  layout shown i n  Figure 22 are responsible for one hundred and s i x t y -e igh t  
operations.' On average, each operator i s  responsible for  fourteen operations.  
This  compares v i t h  an average o f  three  operations per person on a t yp ica l  i n -  
dexing machine i n  a t r a n s f e r  l i n e  used t o  manufacture, for example, t he  Garand 
r i f l e .  Thus we have a f i v e - f o l d  increase i n  the  scope o f  a c t i v i t i e s .  
Source: Piecro Beret ta ,  Gardone, I t a l y .  
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We f i n d ,  t o o ,  t h a t  t h e  n a t u r e  of  t h e  work changes.  An KC o p e r a t o r  works n o t  
wi th  p h y s i c a l  o b j e c t s ,  bu t  w i t h  in format ion .  Tllc o b j e c t  of a t t e n t i o n  and medim 
of work is  a  computer program. khereas  t h e  o p e r a t o r  on a  synchronous l i n e  was 
i n t e r e s t e d  i n  observ ing  t h e  behavior  of a  p r o c e s s ,  t h e  o p e r a t o r  i n  a  manufac- 
t u r i n g  c e l l  composed of  NC machines i s  i n t e r e s t e d  i n  observ ing  t h e  behavior  o f  
a  p rocedure .  
Sof ten ing  " ~ a r d ' l  Automat ion  
NC machines a r e  c h a r a c t e r i z e d  a s  " s o f t  ," o r  programmable, automat ion.  oper -  
a t o r s  w r i t e  programs t h a t  p r e c i s e l y  s p e c i f y ,  dovn t o  t h e  most minute d e t a i l ,  a  
sequence of  o p e r a t i o n s  t h a t  involve  a  cho ice  of  t o o l s ,  t h e  l eng th  and d i r e c t i o n  
of  t o o l  movement, and t h e  speeds and feeds  of  machine c o n t r o l l e r s .  These s e -  
quences a r e  c o n t i n g e n t  on some measured c o n d i t i o n ,  such a s  t o o l  wear and com- 
p e n s a t i o n .  
S o f t  automation possesses  f i v e  d i s t i n g u i s h i n g  c h a r a c t e r i s t i c s  
S p e c i f i c i t y  of  procedures - -  The degree of  d e t a i l  w i t h  which a  procedure 
must be s p e c i f i e d  is  a t  l e a s t  one o r d e r  of magnitude g r e a t e r  tnan  wi th  hard 
automation. The number of  l i n e s  of program code r e q u i r e d  t o  machine t h e  
b a r r e l  shown i n  F igure  23 is 6 ,300 . '  For every p o s s i b l e  contingen: condi-  
t i o n ,  such as  t h e  d i f f e r e n t  v a r i a t i o n s  i n  t h e  diinensions of a  c a s t i n g ,  we 
need a  response  i n  t h e  form of a  c l e a r l y  d e f i n e d  procedure .  Because t h e  
computer i s  s t a t i c  and f u n c t i o n a l l y  b l i n d ,  capable  only of  moving a  t o o l  
i n  t h r e e  dimensional  s p a c e  and changing i t s  course  a t  p r e s c r i b e d  p o i n t s ,  
t h e  procedures must be w r i t t e n  a s  i f  t o  gu ide  a  b l i n d  persol,  r e s t r i c t e d  t o  
a  smal l  s e t  of  a c t i v i t i e s  i n  a  f i n i t e  space .  The s p e c i f i c i t y  of t h e  p roce-  
d u r e ,  t o g e t h e r  w i t h  removal of t h e  person from t h e  immediate environment 
of work, r e n d e r s  t h e  a c t i v i t y  more a b s t r a c t  and scientific. 
( 2 )  A d a o t i b i l i t y  t o  change -- Programs can be changed a s  e a s i l y  a s  e r a s i n g  a  
sen tence  and t y p i n g  a  ner; one i n  a  manuscr ip t .  Such a  change i n  a  computer 
program r e s u l t s  i n  a  neu procedure .  Hence, q u a l i t y  is  no longer  f r o n t - e n d  
loaded,  bu t  s u b j e c t  t o  c o n s t a n t  change and improvement t h a t  can be  observed ,  
monitored,  and modif ied a t  t h e  work s t a t i o n .  Because change does n o t  e n t a i l  
t h e  d e s i g n  and c o n s t r u c t i o n  o f  new hard automation we s e e  more f r e q u e n t  and 
incrementa l  changes in  procedures ,  which do n o t  r e q u i r e  c e n t r a l l y  a l l o c a t e d  
r e s o u r c e s ,  being in t roduced  a t  t h e  work s t a t i o n .  Thus work a t  a  s t a t i o n  
no longer  involves  j u s t  monitor ing performance, bu t  improving it a s  w e l l .  
( 3 )  V e r s a t i l i t y  of  o p e r a t i o n s  - -  Operat ions a t  a  s t a t i o n  a r e  on ly  r e s t r i c t e d  
by t h e  c o n f i g u r a t i o n  o f  t h e  p a r t  being machined, i . e . ,  whether it i s  
p r i s m a t i c  o r  r o t a t i o n a l .  NC machines can perform o p e r a t i o n s  on e i t h e r  one 
of t h e s e  two c l a s s e s  o f  p r o d u c t s ,  bu t  n o t  on both.  Within each c l a s s ,  t h e  
machines can perform almost any o p e r a t i o n ,  r e s t r i c t e d  only by t h e  a v a i l -  
a b i l i t y  of  t o o l s  i n  t h e  t o o l  magazine and t h e  t o l e r a n c e s  they a r e  capable  
P i e t r o  B e r e t t a  b l u e p r i n t ,  P i e t r o  B e r e t t a ,  Gardone, I t a l y .  

of maintaining. This avoids the  large fixed cost  associa ted with 
special-purpose machines by ensh!ing a va r ie ty  of new products t o  be ma- 
chined a t  a s i n g l e  work s t a t i o n .  Thus the  scope of a c t i v i t i e s  a t  an YC vork 
s t a t i o n  i s  expanded t o  include the  introduction of new p a r t s  and processes.  
Precision, adap tab i l i ty  t o  change, and v e r s a t i l i t y  of the  machines have 
rendered t h e  nature  of work a t  a work s t a t i o n  more s c i e n t i f i c  and a b s t r a c t ,  
more comprehensive, and subject  t o  continual change. 
(4) R e p r o d u c i b i l i t ~  - -  Once a program is wri t t en ,  t h e  machine c o n t r o l l e r  is 
capable of executing t h e  program f lawless ly  forevermore. This suggests t h a t  
the  b e t t e r  able  a program is t o  deal  with contingencies in operat ion,  the  
l e s s  need t h e  machine w i l l  have fo r  a s k i l l e d  operator .  An operator wri t ing 
a procedure is, in e f f e c t ,  "cloning" him o r  h e r s e l f .  I f  t h e  cloning is  
per fec t ,  t h e  operator  i s  l e f t  with no job a t  a l l ,  o r  a t  bes t  a very unin- 
t e r e s t i n g  job. This phenomenon c rea tes  a managerial imperative t o  con- 
s t a n t l y  h t r o d u c e  new products and processes in order  t o  keep s k i l l e d  people 
in t h e  organization occupied, o r  s u f f e r  poss ible  d i s in tegra t ion  i n t o  an 
organization without t h e  s k i l l s  t o  innovate. 
(5 )  Transportabi l i tp  -- B reproducible program's use is not r e s t r i c t e d  t o  the  
machine on which it was developed. I t  can be used on any i d e n t i c a l l y  con- 
figured machine, and it can be copied a t  no cost .  Thus, once a program is  
wri t t en ,  p a r t s  can be subcontracted t o  any small job shop with equivalent 
equipment wichout a g rea t  dea l  of concern f o r  qua l i ty .  Q u a l i t y  i s  sssured 
by t h e  raw mater ia ls  and t h e  programs c!lat govern the  p a r t s '  f ab r ica t ion .  
Reproducibil i ty and t r a n s p o r t a b i l i t y  permit t h e  s c a l e  o i  a manufacturing 
en te rp r i se  t o  be small ,  and assure  t h e  growth of t h e  en te rp r i se  without t h e  
addi t ion of s k i l l e d  people. The f i v e  c h a r a c t e r i s t i c s  of information intensive  
processing--precision, a d a p t a b i l i t y ,  v e r s a t i l i t y ,  r eproduc ib i l i ty ,  and 
t ranspor tabi l i ty--suggest  a complete res t ruc tu r ing  of t h e  organization of work 
and t h e  nature  of t h e  firm. 
Do we f ind such changes in prac t i ce?  The s u b s t a n t i a l  impact of the  YC rna- 
chines on q u a l i t y ,  and t h e  concomitant enhancement of t h e  q u a l i t y  control  o r -  
ganization, were benef i t s  t h a t  Beret ta  had not f u l l y  an t i c ipa ted .  Management 
of q u a l i t y  with t r a n s f e r  l i n e  technology, with engineering and manufacturing 
separated, had consis ted in monitoring and control .  With NC technology, man- 
agement of technology grew t o  encompass methods engineering and moved manufac- 
t u r i n g  a g ian t  s t e p  c l o s e r  t o  a science.  
With its base of experience in automation, Beret ta  decided, when computer 
numerically control led (CNC) machines became ava i l ab le ,  t o  completely convert 
i t s  machine t o o l  base t o  t h i s  newer technology within  six years .  Abetted by cost  
reductions chat accompanied t h e  spread of t h i s  new technology, Beret ta  had, by 
1986, i n s t a l l e d  more than two hundred CNC machines on which more than 90% of 
i t s  metal work was being done. Total  value added cost  in manufacturing, due t o  
b e t t e r  qua l i ty  products and subscant ia l ly  l e s s  overhead, was reduced from 
s ix ty - s ix  cents on t h e  d o l l a r  t o  s ix teen  cents on t h e  d o l l a r .  
NC and QC - -  The Impact of Numerical Control on the  Qua l i ty  Organization. 
To understand the  impact of NC machines on the  organization of work one need 
only look a t  the  changes in the  qual i ty  organization. The object  of actent ion,  
as  noted above, i s  no longer how a process behaves, but r a the r  how a procedure 
behaves. Increased microprocessor control of a c t i v i t i e s  and on- l ine  analysis 
of tool  wear and tool  compensation were providing automatic feedback, enabling 
cybernetic control  of machining. With control of t h e  process automated t o  such 
an extent ,  t h e  nature of qua l i ty  management was bound t o  s h i f t .  
Figure 20 shows an e lec t ron ic  gauge used fo r  some turning operations a t  
Beretta. '  An operator introduces machined par t s  i n t o  t h e  gauge, which measures 
four d i f fe ren t  dimensions. The measurements a re  automatically fed i n t o  t h e  
F M C  con t ro l l e r ,  which integrates  them with data  on pa r t s  previously produced. 
The NC machine has some b u i l t - i n  v a r i a b i l i t y ,  and the  sensor has measurement 
e r ro r .  We would expect t h a t  p a r t s  would not be iden t i ca l ,  but would range ran- 
domly within c e r t a i n  bounds of precision. We need a procedure t h a t ,  taking ac- 
count of t h i s  random v a r i a b i l i t y  and t h e  h i s t o r i c a l  da ta ,  can de tec t  a 
systematic change (jaws misaligned) o r  a trend ( too l  wear). Having detected a 
change, we need t o  make an adjustment t o  t h e  cu t t ing  program. The machine then 
automatically adjusts  t h e  appropriate too l  movement. 
In order t o  have t h e  machine make the  adjustment automatically,  it is  nzc- 
essary t o  understand a l l  the  s teps  in the  cu t t ing  operation. The s t e p  a t  ~ h i c h  
t h e  adjustment is  made must be appropriate as  a point of intervention t o  a(:- 
commodate a change, and the  kind of change m i l s t  " appropriate t c  the  proce+ r e .  
S t a t i s t i c a l  sampling, techniques of inference, and methods engineering are a l l  
in tegrated within one procedure. 
We can see,  in t h e  example above, t h a t  methods engineering and qua l i ty  con- 
t r o l  a r e  one and t h e  same. The Indus t r i a l  Engineering of the  Taylor e ra  an.' the  
Quality Engineering of the  SPC e ra  have now been subsumed in n new discipline, 
Systems Engineering. In  1979, Beretta formalized Systems Engineering as  the  
Qual i ty  Control Programming Section and charped t h e  head of t h e  sect ion with 
respons ib i l i ty  f o r  a11 of its manufacturing procedures. Data analysis ,  exper- 
imentation with new procedures, and evaluation of new technology, a s  well  a s  
documentation of a l l  t h a t  went on in manufacturing, f e l l  under t h e  purview of 
i i i i s  sect ion,  which grew quickly t o  twenty-two people, becoming t h e  l a rges t  
group in t h e  qua l i ty  control  organization. 
The pr incipal  r espons ib i l i t i e s  of t h e  Qual i ty  Control Programming Section 
a r e  outlined belcu. 
(a)  The group was charged with analyzing the  individual phases of a production 
process (machines, operators,  work methods, and working conditions) t o  %n- 
su re  t h e i r  conceptual f i t  in order t o  guarantee qua l i ty ,  and t o  determine 
Pie t ro  Beretta bluepr int ,  Pie t ro  Beretta,  Gardone, I t a l y .  

whether the  preparation of each phase was consis tent  with overa l l  project  
development. 
(b) Tile group was a l s o  charged with analyzing a l l  ava i l ab le  means of production 
f o r t h e  purpose of quan t i t a t ive ly  measuring t h e i r  na tu ra l  v a r i a b i l i t y  (ma- 
chines) and l eve l  of f i d e l i t p  ( t o o l s ) ,  and f o r  e l iminat ing,  f o r  every op- 
e ra t ion ,  every poss ible  cause of systematic e r r o r  by: ver i fying too l  
conformity t o  design (metorlogy); t e s t i n g  with a too l  t h a t  p rec i se ly  met 
design spec i f i ca t ions ;  and producing pieces in a quant i ty  such t h a t  too l  
wear would not degrade qua l i ty .  Through a s t a t i s t i c a l  analys is  of the  col-  
lected measurements (Gauss d i s t r i b u t i o n  and confidence l i m i t s ) ,  the  na tu ra l  
to lerance of a machine could be calcula ted and reg i s t e red ,  a s p e c i f i c  pro- 
cedure could be accepted o r  r e j ec ted  on t h e  bas is  of its a b i l i t y  t o  maintain 
the  required to lerances ,  and a control  method could be designed f o r  accepted 
processes. 
With on- l ine ,  100% inspect ion,  the  inspector should be a t  the  work s t a t i o n  
where diagnosis of problems takes place  based on information derived from every 
p a r t  in production. This suggests t h a t  the  qua l i ty  control  and methods engi- 
neering functions a r e  now being done a t  the  work s t a t i o n  by the  operator .  The 
d i s t i n c t i o n  between l i n e  and s t a f f  is  s u f f i c i e n t l y  blurred by t h i s  s h i f t  as t o  
render arguable whether the  l i n e - s t a f f  concept i s  s t i l l  meaningful. A s  we can 
see  in t h e  ba r re l  l i n e  i l l u s t r a t i o n ,  each of the  twelve workstations has a 
qua l i ty  control  bench. On t h i s  l i n e ,  each operator i s  both qua l i ty  inspecror 
and methods engineer. The operators formally repor t  t o  the  Qua l i ty  Control 
Programing Section,  and a re  responsible f o r ,  and have author i ty  io  make c h ~  ges 
t o ,  procedures. 
The s h i f t  t o  managing information and p~.ocedures was not an easy one f c r  
Beretta.  " I t  was," averred Ugo Beret ta ,  "the biggest  change in t h e  cul turz  of 
t h e  plant t h a t  I  have ever seen.  "' 
Each operator  is a manager of a c e l l ,  and the re  is no supervision of work. 
Operators no longer monitor the  performance nf machines, but r a t h e r  control  the  
performance of a group of machines run by computers. To do s o ,  they need t o  
understand t h e  re l a t ionsh ip  between computer programs and physical  output.  They 
a l s o  need t o  understand the  in te rac t ion  of a l l  aspects of a system of machining. 
The pr incipal  medium of communication is  no longer a b luepr in t ,  but p r in ted  
output.  
The u s e  of the  e l ec t ron ic  gauge (Figure 24) is a p a r t i c u l a r l y  t e l l i n g  ob- 
servat ion in manufacturing p rac t i ce .  In t h e  bluepr int  f o r  the  ba r re l  (Figure 
23)  there  a re  no to lerance o r  measurement spec i f i ca t ions ,  only four parameters, 
label led  T10, T11, T12, and T13. These spec i f i ca t ions  a re  replaced by control  
programs, each of which represents  a r e l a t ionsh ip  between some s e t  of h i s+- r i ca l  
measures and t h e  required response. To specify  these  control  programs, t h e  op- 
e r a t o r  has had t o  become a systems engineer,  comfortable with data  base manip- 
P.ersonal communication. 
u la t ion  and control  algorithms. The transformation of work has been q u i t e  
radical  indeed. 
How d id  t h i s  transformation a f f e c t  operations a t  Beretta? For a s t a r t ,  t he  
company grew three-fold in eight  years without a net  increase i n  t h e  workforce, 
and was s t i l l  capable of handling excess capacity.  Having d r a s t i c a l l y  reduced 
manufacturing costs .  Beret ta  began manufacturing r i f l e s  f o r  i ts  two major com- 
p e t i t o r s ,  Browning in  England, and FLN in Belgium. In 1985, t h e  Beretta 
Parabellum 9mm won t h e  company t h e  United S ta tes  Army contract  f o r  a replacement 
p i s t o l  f o r  t h e  venerable Colt 45. The contract  s t i p u l a t e d  t h a t  a new factory  
be constructed in t h e  United S ta tes .  The reproducibi l i ty  and t r a n s p o r t a b i l i t y  
of its NC programs assured Beret ta  of being able not only t o  make money a t  a 
b id  p r i ce  l e s s  than hal f  t h a t  of the  second place bid,  but a l so  t o  s t a r t  up an 
e n t i r e l y  new factory  in Accokeek, Maryland within eighteen months. 
NC technology simultaneously enhanced f l e x i b i l i t y ,  qua l i ty ,  and productiv- 
i t y .  Beretta rea l ized a ten-fold  increase i n  t h e  number of products t h a t  could 
be produced on the  l i n e ,  with a concomitant reduction in rework and scrap from 
8% t o  2%, and a three-fold  increase  i n  labor product iv i ty .  Impl ic i t  i n  the  
siinultaneous increase in number of products and qua l i ty  of workpieces was an 
in tegrat ion of product and process knowledge. 
The workplace ethos had c h a g e d  again. I t  was now more than j ~ s t  monitoring 
machines ; it was con t ro l l ing  them, as well .  Elect ronic  gauges replaced control  
cha r t s .  The s k i l l  required was m o r e  cb.?n diagnosis.  One had t o  exneriment with 
procedures and learn .  Adaptation replaced f t a b i l i t y  a s  .he process 'ocus . System 
Engineering replaced Qua l i ty  Enginee~~ing as the  dominant enginte..mg e thos .  
Information technology had come of age. 
COMPUTER INTGRATED flANUFACTURING -- THE DAWNING OF A N E W  AGE 
Just as  Beretta had completed t h e  renovation of manufacturing machinery in 
its plants  yet another new technology began t o  emerge. Robots fo r  loading and 
unloading par t s  in machines, untended mobile c a r r i e r s  fo r  t ranspor t ing p a l l e t s  
from oue pa r t  of a plant  t o  another, and f l ex ib le  manufacturing c e l l s  capable 
of a ten-fold  increase over t r a d i t i o n a l  machinery in the  va r ie ty  of p a r t s  t h a t  
could be made were a l l  making t h e i r  debuts, and with them came the potencial  
t o  automate the  manufacturing process from one end t o  the  other ,  from loading 
machines, through changing, s e t t i n g ,  and operating too l s ,  t o  unloading proc- 
essed pa r t s .  
In 1987, Beret ta  engineers introduced, as  p i l o t  p ro jec t s ,  two new technolo- 
gies :  a f l e x i b l e  manufacturing system (FHS); and computer-aided design/ 
computer-aided manufacturing (CAD/CAM, the  in tegrat ion of computer-aided design 
and CNC machines) . 
Beret ta ' s  FHS 
The f i r s t  project  was the  i n s t a l l a t i o n  of a f l ex ib la  manufacturing system 
for  manufacturing a major gun part--che "reciever." 
A f l ex ib le  rnec~facturing system is a c o q l t e r - c o n t r r  led configuration of 
semi-independent work s t a t i o n s ,  connected by automated material  handling sys- 
tems, designed t o  e f f i c i e n t l y  manufacture more than one kind of p a r t  a t  low t o  
medium volumes. The syst.em designed fo r  production of rhe Beretta receiver  
(shown i n  Figure 25)' cons i s t s  of th ree  CNC machining centers connected by a 
material  handling system t h a t  incorporates a conveyor ;rranged in a loop. The 
loop const i tu tes  a buffer  area  where pallet:  on which t h e  workpieces a re  mounted 
keep moving u n t i l  the  machine required fo r  the  next operation becomes avai lable .  
The system is capable of f a b r i c a t k g  for ty-f ive  discrece pa r t s .  With the  ex- 
ception of inspection, a l l  system operations a re  under computer control .  
I n  most FHS i n s t a l l a t i o n s ,  incoming raw workpieces a re  f ix tured onto p a l l e t s  
a t  a s t a t i o n .  Once information on a f ix tured workpiece ( typ ica l ly  an ident i fying 
number) has bean antered t o  inform the  FHS con t ro l l e r  t h a t  t h e  workpiace is 
ready, t h e  FHS supervisor (computer) takes charge, performing a l l  the  necessary 
operations t o  completion in any of a number of machines, moving workpieces be- 
tween machines, responding t o  contingencies, and assigning p r i o r i t i e s  t o  the 
jobs in the  system. 
The supervisor f i r s t  sends a t ranspor ter  t o  t h e  load/unload s t a t i o n  t o  re-  
t r i e v e  the  p a l l e t .  The loaded p a l l e t  then keeps moving in a loop u n t i l  a machine 
becomes avai lable  t o  perform the  f i r s t  operation. Vhan a s h u t t l e  (a  posi t ion 
' Pie t ro  Beretta bluepr int ,  P ie t ro  Beretta,  Gardone, I t a l y .  
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Figure 25: WS rece iver - l ine  a t  Bere t ta .  
i n  the  queue) is  a v a i l a b l e ,  t h e  t ranspor ta r  s tops  and a t r a n s f e r  mechanism re -  
moves t h e  p a l l e t ,  f ree ing  t h e  t ranspor te r  t o  respond t o  t h e  next  move request .  
Par t s  received by t h e  machine must be accurately located r e l a t i v e  t o  t h e  
machine t o o l  sp ind le .  The inspect ion t o  accomplish t h i s  can be done manually. 
ruing standard instruments. o r  by coordinate  measuring machines. The appropri- 
a t e  machining o f f s e t s  a r e  ca lcu la ted  from t h e  measurements and communicated t o  
t h e  supervisor .  
Meanwhile, t h e  supervisor  has determined whether a11 of t h e  t o o l s  required 
f o r  t h e  machining operat ions a r e  present  i n  t h e  t o o l  pocket and requested needed 
t o o l s  from e i t h e r  o f f - l i n e  t o o l  s t o r q p  o r  a  to^; c r i b / t o o l  chain within t h e  
systam. When a l l  t h e  required t o o l s  a r e  loaded, t h e  supervisor  dwnloads t h e  
NC p a r t  program t o  t h e  machine c o n t r o l l e r  from t h e  M S  cont ro l  computer. 
The process of making sure  t h a t  t h e  p a r t  is, in f a c t ,  what t h e  computer 
thinks it is  is  termed gual i fying t h e  p a r t .  Qualifying includes making sure  t h a t  
a11 previous operat ions have bean completed, t h a t  t h e  p a r t  is dimensionally 
within to lerance  l i m i t s ,  and t h a t  it is accurately located .  Tools, too ,  must 
be qua l i f i ed .  Tool geometry, length ,  diameter, and wear a r e  a l l  examined, e i -  
t h e r  manually o r  under computer con t ro l .  When both t h e  workpiece and the too l  
have been q u a l i f i e d ,  t he  t o o l ,  p a r t ,  o r  program o f f s e t s  necessary t o  co r rec t  
fo r  systematic e r r o r  have t o  be es tabl ished.  
When t h e  se t -up a c t i v i t i e s  a r e  completed, machining begins. The FMS monitors 
the  i~i31 during machining. I f  it breaks, a contingent procedure is invoked. Some 
advanced FHSs have in-process inspect ion and adaptive con t ro l ,  by which we mean 
t h a t  a continuous measurement of metal removal is  taken t o  determine whether 
it is  within defined process parameters. Compensating correc t ions  f o r  any de- 
v i a t ions  a re  made during machining. Adaptive control  in FMS is s t i l l  very ru- 
dimentary and t echn ica l ly  q u i t e  d i f f i c u l t  with present day technology. 
The f in ished,  o r  machined, p a r t  is moved t o  t h e  s h u t t l e  t o  await a t r ans -  
po r t e r .  After being loaded onto t h e  t r anspor t e r ,  t h e  p a l l e t  moves t o  t h e  next 
opera t ion,  o r  e l s e  c i r c u l a t e s  in t h e  system o r  is unloaded a t  scme intermediate 
s to rage  locat ion u n t i l  t h e  machine required f o r  t h e  next operation becomes 
ava i l ab le .  
The computer con t ro l s  t h e  cycles j u s t  described f o r  a l l  p a r t s  and machines 
5 t he  system, performing scheduling,  d ispatching,  and t r a f f i c  coordination 
functions.  I t  a l s o  c o l l e c t s  s t a t i s t i c a l  and o the r  manufacturing information 
from each s t a t i o n  f o r  repor t ing systems. A s  a l l  t he  a c t i v i t i e s  a re  under pre- 
c i s e  computer con t ro l ,  e f f e c t s  of p a r t  program changes, decis ion ru les  f o r  
p r i o r i t y  assignment, cont ingtnt  con t ro l ,  and p a r t - p o r t f o l i o  mix can be Lap- 
tu red  . 
The o ld  l i n e  f o r  making receivers  i s  shown in Figure 26. '  The forty-one ma- 
chines i n  t h i s  l i n e  compare with twentj--four in  t h e  new FHS l i n e ,  configured 
as e igh t ,  three-machine c e l l s .  The numt.,.r of c e l l s  was d i c t a t e d  by t h e  volume 
of work. 
Each c r l l  in t he  FMS receiver  l i n e  f ab r i ca te s  a complete receiver ,  and i s  
managed by a s ing le  worker. The FHS reduces minimum e f f i c i e n t  s c a l e  by an order 
of magnitude, and i s  f l e x i b l e  and v e r s a t i l e  enough t o  accommodate o the r  
pr ismat ic  p a r t s  a s  wel l  a s  receivers .  
I t  v i l l  eventually be poss ib le  t o  load a machine on t h e  FHS l i n e  a t  t he  be- 
ginning of a s h i f t  with t h i r t y - f i v e  p a l l e t s ,  each containing a blank receiver ,  
and have t h e  a n t i r e  l o t  completely machined by t h e  end of t h e  s h i f t  without an 
operator being present .  Although untended operation has not y e t  been achieved 
a t  Bere t ta ,  it is not only poss ib le ,  a s  a number of Japanese machine t o o l  ven- 
dors have shown, but achievable in t h e  next decade. When it comes, it w i l l  in 
a l l  l ike l ihood once again r a d i c a l l y  a l t e r  t h e  naturn of wox:.. 
' Source: P ie t ro  Bere t ta ,  Gardone, I t a l y .  

What we can expect from a world of untended f l e x i b l e  manufacturing is sum- 
marized below. 
(1) The worker is l i k e l y  t o  be completely separated from t h e  p!l;-cical elements 
of work--metal, l ub r i can t s  and o i l ,  executing procedures, and turning out 
p a r t s .  Work w i l l ,  ins tead,  become an a c t  of conception, of c rea t ing  new 
products and processes.  
(2 )  A l l  of t h e  t o o l s ,  f i x t u r e s ,  and programs needed by a system w i l l  have t o  
bo conceived, b u i l t ,  and developed before it can make t h e  f i r s t  product. 
Thus, a l l  of t h e  con t ro l l ab le  c o s t s  w i l l  be sunk before t h e  f i r s t  product 
comes o f f  t h e  l i n e .  After t h i s ,  t h e  un i t  cos t  w i l l  be t h e  same whether t h e  
firm makes one u n i t  o r  many. 
(3) In order  t o  achieve untended manufacture, tho  c r a f t  of machining needs t o  
be developed i n t o  a sc ience  of leanufacturing. Evary poss ib le  contingency 
needs t o  bo an t i c ipa ted  and an appropr ia te  response provided in t h e  form 
of a t i g h t l y  specified procedure. 
Problom Solving i n  WS 
Master mechanics working wi th  general  purpose machines usua l ly  accrued years 
of experience, during :<hich they accumu1a:ed a wealth of id iosyncra t i c  knowledge 
about how t o  perform in a wide va r i e ty  of circumstances. They t a lked  in terms 
of a " fee l"  f o r  t h e  machine, t he  t o o l s ,  ;md the  p a r t s  they worked on. I t  was 
through t h i s  fool t h a t  they v2re capable of producing p a r t s  of very high accu- 
racy. Watchrng them work, one had a seazr? t h a t  they recognized e r r o r s  ( e . ~ . ,  
v ib ra t ion  o r  c h a t t e r ,  s t r u c t u r a l  deformat.ion due t o  thr rmal  fo rces )  a s  they were 
happenins; and adapted t h e i r  procedures t o  compensate f o r  them. This,  in engi- 
neering terminology, is an advanced torn  of adaptive control  in an ambiguous 
environment. Such e r r o r  recogni t ion   an^ compensation requires  e i t h e r  a very 
e l abora te  database with a co:nplex web of r e l a t ionsh ips ,  such as  tho  exper i en t i a l  
knowledge of t h e  ' sk i l l ed  machinist o r  a s c i e n t i f i c  understanding of t h e  ma- 
chinery,  s s ~ s o r ,  and c o n t r o l l e r  technology. 
With t h o  advent of numerical control  machines, t h e  master machinist w a r  of ten  
replaced by a l e s s  s k i l l e d  opera tor .  This does not imply t h a t  contingencies wero 
somohaw removed from t h e  machining process.  A 1 1  t ho  new machines d id  w a r  follow 
e x p l i c i t l y  well  defined procedures in t h e  form of computer programs. On0 could 
experimont with t h e s e  procedures u n t i l  one obtained a gvod p a r t .  
The far-reaching e f f e c t s  of t h i s  tochnology wore con t ro l  over t h e  process,  
r e p e a t a b i l i t y ,  and reprogrammability. Dynamic contingencies remained a pa r t  of 
t h e  environment, and s k i l l  was st i l l  required t o  i d e n t i f y  and e l iminate  e r ro r s .  
Noither t h e  computer con t ro l  systems, nor t h e  l e s so r  s k i l l e d  persons employed 
t o  opera te  thom, were capable of recognizing systematic e r r o r s  in t hese  ma- 
chines.  The "feel" f o r  t h e  machine was absent.  New s k i l l s ,  those  of manipulating 
abs t r ac t  procedures and e n t i t i e s  and recognizing, and learning from, t h e  re-  
la t ionships  between procedures and to lerances ,  were required. 
FPIS technology and "~~r.mamed" machining compounds t h e  accuracy problem. 
Workers a re  en t i re ly  removed from t h e  machining area,  machining being done using 
multiple machii~es with multiple too l s ,  and inspection done off  the  machine. A s  
an FNS is  merely a number of standard NC machines connected by an automated 
material  handling system, it has a l l  of the  problems comoi i to  NC machines. But 
it a l so  lacks the  stand-alone NC machine's constant a t t en t ion  from a machine 
operator,  who can compensate for  small machine and operational e r ro r s  by rea- 
l igning par ts  i n  a f ix tu re ,  tweaking cut t ing too l s ,  e t c .  The programs lack the  
s k i l l e d  machinist 's capacity fo r  accommodating large var ia t ions  in castings.  
Determining the  source of an "out of tolerance" problem in an integrated FMS 
can be very d i f f i c u l t .  The e r ro r  might be the  r e s u l t  of any one o r  a combination 
of factors ,  such as t o o l  wear o r  in te r face  alignments (e .g . ,  tool/spindle.  
pa r t / f ix tu re ,  f ix tu re /pa l l e t ,  pallet/machine). Proper diagnosis e n t a i l s  knowing 
which tools  were used on which workpieces on which machinas, and, i f  more than 
one pa r t  program was used, which w a s  in use when t h e  problem occurred. 
The level  of complexity involved in p rob lm diagnosis is an order of magni- 
tude greater  than in a manually tended machining center .  Thus, i f  an NC machine 
is once removed from t h e  "feel" of machining, an FMS is twice removed. To un- 
derstand t h e  d i f f i c u l t y  associated with diagnosing problems in an FHS an analogy 
is useful .  Consider t h e  task of wri t ing,  f o r  a person of l imited vocabulary 
and using only the  English language, the  ins t ruct ions  f o r  drawing a pic ture  of 
a donkey. I f  t h i s  exercise proves easy enough, then consider the  following: each 
of three  people is t o  be given ins t ruct ions  fo r  drawing a d i f fe ren t  pa r t  of a 
donkey (using d i f f e r a r t  vocabulary and syntax) and t h e i r  drawings a r e  t o  be 
brought t o  a cen t ra l  1 :ation where a fourth person w i l l  be required t o  a s s a b l e  
them. Now, i f  a fif i :h person were t o  inform you t h a t  t t e  donkey looks l i k e  a 
horse, how would you go about corrrc t ing t h e  problem and issuing new in- 
s t ruct ions .  
Why. you might ask i f  problem diagnosis is so d i f f i c u l t ,  do we use FMSs fo r  
fabr icat ion of high accuracy par t s .  I t  is simply because of con t ro l l ab i l i ty ,  
reproducibi l i ty ,  and reprogrammability. Once we have solved a problem and 
wri t ten the  appropriate code, the  system w i l l  reproduce the  procedure forever.  
Reprogrammability allows us t o  perform exparimants on the  l i n e  t o  correct  fo r  
e r ro r s .  I f  the  procedures a r e  s e t  up r igh t ,  codif icat ion of t h e  axperience 
gained and of a l t e rna t ives  taken and re jected becomes possible.  I n  a r e s t r i c t e d  
domain, suc:~ 'kuo*iiJge can be t ransfarred t o  other processes, products, too l s ,  
e t c .  In  order t o  move from an a r t  t o  a science,  we need t o  understand t h e  streams 
of knowledge t h a t  make up t h e  science.  It is not t h e  case t h a t  t h e  problem 
solvers are  no longer s k i l l e d .  In  f a c t ,  they a r e  highly s k i l l e d ;  only t h e  domain 
in which t h e  s k i l l  operates is d i f f e r e n t ,  having become more abs t rac t  than rea l .  
Where a number of contingencies can a r i s e ,  it is  important t o  be able t o  
recognize, diagnose, and learn from t h e  resu l t ing  e r ro r s .  With such a high 
plane of technical in te l l igence required, operators have t o  be t ra ined in the  
s c i e n t i f i c  method in order t o  b e t t e r  understand how various machine t o o l  errors  
can cause pa r t s  t o  ba out of tolerance,  how t o  measure and correct  these  e r ro r s ,  
and how t o  make accurate pa r t s .  A key t o  successful,  accurate machining i s  t h e  
cu t t ing  tool--geometry, cut t ing edge preparation, accurate posi t ion control of 
the cut t ing edge t o  shank, proper inspection of new too l s ,  and accurate equip- 
ment for  sharpening and preset t ing.  
An operator is usually a l e r t e d  t o  possible machine tool  e r ro r s  through d i s -  
covery of an e r r o r  in the  f i n a l  form of a pa r t .  These e r ro r s ,  be they in s i z e ,  
shape, location, o r  surface  f i n i s h  of a pa r t  feature ,  can r e s u l t  from one o r  a 
combination of e r ro r s  in th ree  broad classes--mechanical, thermal, and opera- 
t iona l .  These a re  elaborated in Figure 27. Both mechanical and thermal e r r o r s  
can be fur ther  c l a s s i f i e d  as a t t r i b u t a b l e  t o  aspects of e i t h e r  a machine o r  a 
pa r t .  
One is a l so  concerned with the  frequency of e r ro r s .  Errors can be systematic 
( s t a t i c ) ,  whereby they occur with approximately the  same magnitude each time 
the  manufactuing t ask  is  performed, o r  they can be random (dynamic/fluctuating), 
occurring each time with d i f fe ren t  magnitudes and without an apparent pat tern .  
(See Figure 28.) tlany of these  e r r o r s  can be avoided by good shop and machining 
pract ices ,  maintenance d i sc ip l ine ,  and an awareness of how f ix tu re  design, poor 
too l  s e t t i n g ,  and other  actions can a f f e c t  system performance. 
When tolerance bands a r e  broad, e r r o r  avoidance is enough t o  keep a shop 
running smoothly. Exploration of machine too l  e r ro r s  and diagnostics do not play 
a s ign i f i c sn t  r-!e in day-to-day operations and s k i l l s  w i l l  not be required of 
shop f l o o r  personnel. But in a changing environment, i n  which new p a r t s  and par t  
programs a re  being introduced and tolerance bands a re  very small, e r ro r  avoid- 
ance alone is  not l i k e l y  t o  remove a l l  e r ro r s .  Detailed examination of machine 
too l  w i l l  be required t o  locate sources of mechanical and thermal e r r o r ,  de- 
t e rn ine  t h e i r  magnitude, and iden t i fy  t h e i r  mechanisms. I t  is possible t o  seg- 
regate these  i n t o  s t a t i c  and dynamic e r ro r s  through a number of t e s t s .  S t a t i c  
errors  a re  s ign i f i can t ly  eas ie r  t o  deal with than dynamic e r ro r s .  I f ,  f o r  ex- 
ample, a machine too l  has a bed t h a t  sags s l i g h t l y  a t  one end when the  t ab le  
is i ~ v e d  over it, and i f  only one axis  is affected,  it might be possible t o  
reprogram o f f s e t s  in another axis  t o  compensate f o r  the  sag while cu t t ing .  Dy- 
namic e r ro r s ,  whose sources a re  usually thermal, a re  the  most d i f f i c u l t  t o  
handle, requiring very ca re fu l  analysis  of a l t e rna t ive  procedures. Their s o l -  
ution requires the  "feel" of a master machinist, the  logical  mind of a software 
programmer, and access t o  extensive databases of information on s imi la r  prob- 
lems. 
With t h i s  transformation of the  operator i n t o  a "knwledge worker," the  blue 
c o l l a r  image of factory work is no longer appropriate. The i n t e l l e c t u a l  a sse t s  
needed by a firm t o  c rea te  new products and processes become the  dominant d r ive r  
in manufacturing competence. Thus, management of these  asse t s  becomes c ruc ia l  
t o  a f i rm's  v i a b i l i t y .  
~ e r e t t a ' s  CAD/CM System 
An understanding of what these asse t s  a re  can be gleaned from an analysis  
of the  second project  Beretta undertook. CADICM integrat ion.  This project  
consisted in having both the  design for  the  locking system of a r i f l e ,  and the  
NC programs needed t o  d i r e c t l y  fabr ica te  i t s  p a r t s ,  ca r r i ed  out on an engi- 
neering workstation. The th ree  engineers assigned t o  t h i s  task were provided 
Figure 2 7 :  Sources of e r r o r  in an FMS. 
with a workstat ion wi th  a co lo r  graphics te rminal  t h a t  displayed icons intended 
t o  f  a c i l i r a t e  component des ign .  The component des ign  had t o  s a t  i s  fy  both product 
f u n c t i o n a l i t y  requirements (such a s  s a f e t y ,  e f f i c i e n t  kinematic i n t e r a c t i o n ,  
a b i l i t y  t o  withstand s t r e s s ,  and ease  of assembly and disassembly) and 
manufac turabi l i ty  c o n s t r a i n t s  (such a s  requi red  to l e r ances ,  c learances  between 
components, s i m p l i c i t y  of p a r t s  conf igura t ion ,  e t c . ) .  
The locking system cons is ted  of twenty-six d i f f e r e n t  p a r t s .  Some of t hese  
were s e l ec t ed  from a ca t a log  of componants, o the r s  had t o  be s p e c i f i c a l l y  de- 
s igned.  Software vendors suppl ied  a number of d i f f e r e n t  computer programs ca-  
pable  of manipulating p a r t s  geometries. These were used t o  c r e a t e  des igns ,  move 
them around on t h e  screen ,  and f i x  them t o  s p e c i f i c  loca t ions  a s  i f  one were 
a c t u a l l y  phys ica l ly  assembling them in three-dimensional space. Other computer 
programs simulated t h e  movement of t h e  t r i g g e r i n g  mechanism and t h e  kinematic 
l inkages associa ted  wi th  it .  The forces  exer ted  on t h e  mechanism during f i r i n g  
and t h e  r e s u l t i n g  s t r e s s e s  were a l s o  simulated by computer programs. 
An engineer working with a number of d i f f e r e n t  p a r t s  geometries could c r e a t e  
and t e s t  d i f f e r e n t  a l t e r n a t i v e s ,  s e t t l e  on a t e n t a t i v e  des ign ,  and then examine 
t h e  manufacturing impacts of each p a r t .  A host  of manufacturing r e l a t e d  com- 
pu te r  programs could then be used t o  c r e a t e  t h e  NC programs needed t o  machine 
t h e  components and even graphica l ly  d i sp l ay  the  t o o l  pa th  of a  metal c u t t i n g  
program on the  screen .  When s a t i s f i e d  with t h e  design,  t h e  engineer could 
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Figure 28: C l a s s i f i c a t i o n  of FnS e r r o r s .  
t r a n s f e r  t h e  program t o  a machining c e c t e r  and have t h e  components f ab r i ca t ed  
automat ica l ly .  
The CADICAM p i l o t  p r o j e c t  proved t h a t  t h e  concept was v i ab le .  Three people 
had designed in as  many months what normally took nine people a year t o  develop. 
This represented a reduction in person months from one hundred and tve lve  t o  
nine.  
The components used t o  t e s t  t h e  f e a s i b i l i t y  of t h e  concept v e r e ,  by des ign ,  
q u i t e  conservative,  but  t h e  engineers r ea l i zed  t h b b  by bui ld ing  a v a r i e t y  of 
a n a l y t i c a l  models they could c r e a t e  a very powerful design t o o l .  By s imula t ing  
performance in rea l - t ime they learned much about how t h e  d i f f e r e n t  aspects of 
product des ign  and process in t e rac t ed .  They were ab le  t o  d i sce rn  problems i n  
these  i n t e r a c t i o n s  and even t o  codi fy  design ru l e s  f o r  manufacturabi l i ty .  
The immediate organizational response t o  the CAD/CAM project  was t o  regard 
t h i s  design t o o l ,  l ike  a l l  the  other  innovations the  company had adopted, as a 
productivity enliancement tool .  This is w a s ,  but it was a l so  something more; it 
was a knowledge enhancement too l .  The system possesses the  potent ia l  t o  make 
an expert more of an expert and, as  it accumulates information, models, and 
design ru les ,  t o  anhance the  in te l l ec tua l  assets  of t h e  firm. It can be argued 
t h a t  such systems a r e  themselves pa r t  of a firm's i n t e l l e c t u a l  a sse t s .  
If t h e  enhancement of in te l l ec tua l  a sse t s  is c r i t i c a l  f o r  manufacturing 
competence, and i f  CAD/CAM integrat ion has the  a b i l i t y  t o  achieve it, in what 
dimensions might we discover useful ins ights?  
Obvious dimensions a re  those of organizational memory and analyt ical  capa- 
b i l i t i e s .  Such systems a r e  capable of maintaining, and providing on-demand ac- 
cess t o ,  vas t  s to res  of information. They can perform a va r ie ty  of calculations 
and s ink la te  behavior t o  reduce uncertainty in product and process performance. 
Taken together,  these  capab i l i t i e s  cons t i tu te  powerful productivity enhancement 
too l s .  
A par t i cu la r ly  important dimension tha t  such too l s  add t o  a firm's i n t e l -  
l ec tua l  a sse t s  might be ca l l ed  system inte l l igence.  Pr ior  t o  CAD/CAM in te -  
grat ion,  organizations solved producr/process problems by taking recourse t o  
the  respective experts in each area.  Each of there experts represents a vast  
s t o r e  of functional knowledge in a s p e c i f i c  area.  Over rime, organizations have 
learned how t o  e f fec t ive ly  manage t h e  knowledge of these  funct ional .exper ts ,  
and devised mechanisms f o r  resolving the  conf l i c t s  t h a t  a r i s e  between cham over 
which s e t s  of a l t e rna t ives  a r e  b e t t e r  in a given s i tua t ion .  This knowledge of 
how t o  manage knowledge is sometimes cal led t a c i t  knowledge, o r  organizational 
in te l l igence.  
In CAD/CAM integrat ion,  we have begun t o  include information on, and models 
of ,  functional exper t ise .  This information enables us t o  systemat i ze ,  examine, 
and learn from interact ions  between functions in such a way t h a t  issues a re  more 
sharply focused and pat terns  of in te rac t ion  become recognizable. System i n t e l -  
l igence, than, is t h e  recognition and understanding of the  in teract ions  between 
functions, and a surrogata f o r  organizational ip te l l igence as it r e l a t e s  t o  
product/process performance. 
Creating functional models of products and processes, val idat ing tham with 
experience, and manipulating them in t h e  process of design is an emerging form 
of engineering--knowledge engineering. While t h i s  term has been used in asso- 
c ia t ion  with t h e  acquis i t ion of knowledge f o r  so-called "expert systems," we 
suggest a more encompassing de f in i t ion ,  t o  include the  va r ie ty  of functions t h a t  
we see  emerging as a broader engineering d i sc ip l ine .  
On Putting I t  A l l  Together 
While Beretta has not as  yet integrated i t s  CAD/CAM and FHS technologies 
( i . e .  , has not moved t o  computer integrated manufacturing, o r  CIM) , a few things 
are  already c l e a r .  The organization of work w i l l  s ee  another rad ica l  s h i f t .  
m i l e  the  engineering ethos in the  NC e r a  was one of systams science,  in t h e  
CIM e r a  we see  knowledge and the  management of in te l l igence  as  the  primary do- 
main of a c t i v i t y .  The professional workstation has replaced t h e  simple elec- 
t ron ic  gauge. The creat ion of new products and processes, being v e r s a t i l e ,  is 
the  primary d r ive r .  The a b i l i t y  t o  generalize and abs t rac t  from axperience in  
order t o  create  new products is the  s k i l l  required. A s  Beretta has thus f a r  
b u i l t  only one FHS c e l l  and designed but a s ing le  locking mechanism using 
CBD/Cbn, t h i s  may seem l i k e  i d l e  speculation. Yet evidence from Japanese systams 
operating unattended a t  n ight  suggest t h a t  t h i s  is c lea r ly  the  di rect ion.  My 
own s tudies  of more than one hundred FHS systems operating worldwide corroborate 
t h i s  evidence. (Table 0 provides a comparison of the  NC based factory with one 
using FMS.) " The following a re  among t h e  conclusions drawn from t h a t  research. 
The management of FHS technology is taking place in a d i f fe ren t  manufac- 
tu r ing  environment, and thus consis ts  of new imperatives. 
Build small ,  cohesive teams. Very small groups of highly s k i l l e d  
genera l i s t s  show a remarkable propensity t o  succeed. 
Manage process improvement, not just outplrf. FHS technology fundamen- 
t a l l y  a l t e r s  the  economics of production by d r a s t i c a l l y  reducing var iable  
labor costs .  When these cos t s  a re  lov, l i t t l e  can be gained by reducing <hem 
fur the r .  The challenge is t o  develop and manage physical and i n t e l l e c t u a l  
a sse t s ,  not the  production of goods. Choosing projects  t h a t  develop i n t e l -  
l ec tua l  and physical a sse t s  is more important than monitoring t h e  costs  of 
day-to-day operations.  Old-fashioned, sweat-of-the-brow manufacturing e f -  
f o r t  is now less  important than system design and teem organization. 
Broaden t h e  r o l e  of engineering management t o  include manufacturir-g, 
The use of small, technologically prof ic ient  teams t o  design, run, and i m -  
prova FMS operations s ignair  a s h i f t  in focus from managing people t o  man- 
ag* knowledge, from control l ing var iable  costs  t o  managing fixed cos t s ,  
and from production planning t o  project  se lec t ion .  This s h i f t  gives engi- 
neer* t h e  l i n e  respons ib i l i t i e s  t h a t  have long bean the  province of man- 
uf actur-. 
Treat manufacturing as  a service .  In an untended FHS environment, a l l  
of t h e  too l s  and sof tvare  programs required t o  make a p a r t  have t o  be cra- 
ated before t h e  f i r s t  un i t  is produced. While t h e  same is t r u e  of typ ica l  
pa r t s  and assembly operations,  the  di f ference in an FHS is t h a t  there  a r e  
no allowances f o r  in - the - l ine ,  people-intensive adjustments. As  a r e s u l t ,  
" Jaikumar, R.  , "Postindustrial  Manufacturing, " Harvard Business Review, 60, 
No. 6 (November-Decrmber 1986), 73. 
Table 2 :  Performance of one factory before and a f t e r  automation. 
competitive success increasingly depends on management's a b i l i t y  t o  ant ic-  
ipa te  and respond quickly t o  changing market needs. With FHS technology, 
even a small, specia l ized operation can accommodate s h i f t s  in demand. Man- 
ufacturing nov responds much l i k e  a professional se rv ice  indust ry ,  custom- 
iz ing i ts  offer ings  t o  the  preferences of specia l  market segments." 
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CONCLUSIONS 
Having examined each of t h e  s i x  epochs of process control we can see  t h a t  
tlierd is a ce r ta in  consistency among them in terms of what changes. Technolog- 
i c a l  demands, t h e  organization of manufacturing t o  meet these demands, and the  
nature of work a r e  affected in each epoch. We a l so  see  t h a t  the  s h i f t s  involved 
in the  t r a n s i t i o n  from one epoch t o  the  next a r e  i n t e l l e c t u a l  s h i f t s .  Each epoch 
brings a new way of posing a problam and solving it. To the  extent t h a t  a firm 
competes by acquiring, developing, and managing know-how, these i n t e l l e c t u a l  
s h i f t s  become technological imperatives. One might argue t h a t  the  s h i f t s  them- 
selves a re  s o c i a l l y  determined, and t h a t  technology is a s o c i a l  product. Nev- 
e r the less ,  insofar  as we l i v e  in a competitive world, we must, once one of these 
s h i f t s  has occxrred, adapt t o  the  technological imperativas imposed by it. 
In examining how t h e  nature of work is affected by these  i n t e l l e c t u a l  s h i f t s  
we have shown, in t h i s  paper, t h a t  a f i rm's  response must go beyond a radical  
res t ructur ing of its organization t o  address the  i n t e l l e c t u a l  underpinnings of 
what ge t s  done in the  world of work. 
We have shown t h a t  the  f i r s t  three  epochs--the English, American, and Taylor 
-;-stems--relaced t o  the material  world of mechanization. Each saw t h e  manu- 
f acturing world as  a place of increasing eff ic iency and control ,  subs t i tu t ion  
of c a p i t a l  fo r  labcr ,  and progress t h r~oph  economies of scale .  These o b j e c t i ~ e s  
were obtainad through an angineering focus on machines and what could be done 
with them. The r o l e  of labor was increasingly seen as one of adapting t o  the  
machines and t h e  contingencies of the  environment, u l t imately ,  of being yet 
another machine. Concurrently, the  machines themselves became more elaborate,  
capable of ever greater  precision and control .  Yet t h e  s ingle  p r inc ip le  t h a t  
seemed t o  underlie these developments was increasing mechanical constra int .  
Abbot Usher, a h i s to r i an  of technology, observes that  
some of t h e  impressive improvament of machines cons i s t s  of refinement of 
design and execution. The p a r t s  of the  machina arm more and more e laborate ly  
connected so t h a t  the  p o s s i b i l i t y  of any but t h e  desi red motion is pro- 
gxessively eliminated. &s t h e  process of c o m t r a i n t  becomes more complete, 
t h e  machine becomes more perfect  mechanically. . . . The general l i n e  of 
advance takes t h e  form of subs t i tu t ion  of the  more intense fo r  the  l e s s  
intense forces ,  grading up through a long sequence t h a t  begins with types 
of human muscular a c t i v i t y .  . . . There is a steady increase in poten t i a l  
(energy): we have t o  deal  with a t r a n s i t i o n  f o r  machinery worked a t  a very 
lw poten t i a l  t o  machinery run a t  very high po ten t i a l .  The change in po- 
t e n t i a l  i t s e l f  requires more and more careful  constraint of motion because 
these highly in tense  concentrations of energy could not be applied t o  
mechanisms u n t i l  adequate control  was possible.  " 
This world of mechanization reached i ts  zeni th  in 1950. Already, one could 
hear rumblings of a brave new world. I n  1946, Brown and Leaver l a i d  ou t ,  in a 
Fortune magazine a r t i c l e  e n t i t l e d  "Machines Without Uen," a b luepr in t  fo r  a ners 
i n d u s t r i a l  order."  They had made t h e  i n t e l l e c t u a l  leap from mechanization t o  
information processing. Norbert Weiner, in a presc ient  analys is  of t h e  parer  
of information processing,  gave credence t o  Brown and ~ e a v e r ' s  world view. 
Though it would be another f o r t y  years before we would s e e  t h e  f i r s t  automated 
f ac to r i e s  without men, t h e  seeds f o r  t h e  emergence of a new paradigm were 
planted.  
I t  is appropriate t h a t  James Bright completed h i s  landmark study, Automation 
and !lanagement, in 1958, f o r  t h a t  year marks t h e  end of t h e  e ra  of mechaniza- 
t i on .  Bright abserved t h a t  
the  average manufacturing system of 1956 . . . can be regarded a s  no more 
than a crude assemblage of unintegrated b i t s  of mechanism. These mechanisms 
themselves may r e f l e c t  t h e  utmost in t h e  mechanical a r t  of our times. 
S t i l l ,  when co l l ec ted  under one roof and d i r ec ted  toward a p a r t i c u l a r  p'o- 
duction end, they a r e  anything but a machine-like whole. . . . 
. . . A hundred years from now t h e  average fac tory  of our day may be 
regarded as having been no d i f f e r e n t  i n  philosophical  concept from the  
f ac to ry  of 1850. . . . (Process) "design" has meant the  co* l ec to in  of 
equipment fo r  a production sequence--not tLe synthes is  of a master 
machine. lb 
The glue t h a t  made a co l l ec t ion  of machines a manufacturing system was pr:ople 
processing iaformation. The lack of in t eg ra t ion  Bright speaks of and t h e  11- 
t e l l i gence  needed t o  make machines function has been the  focus c f  the  s u b s e q ~ e n t  
th ree  epochs. In  t h e  dynamic view, t h e  NC e r a ,  and computer in tegra ted  manu- 
f ac tu r ing ,  we see a r eve r sa l  of t h e  trends o mechanization: increas ing versa- 
t i l i t y  and in t e l l igence ;  s u b s t i t u t i o n  of in t e l l igence  fo r  c a p i t a l ;  and 
economies of scope. Uachines have been increas ingly  seen as axtensions of t h e  
mind, and as meant t o  enhance t h e  cogni t ive  c a p a b i l i t i e s  of t h e  human being. 
This paradigm s h i f t  is what t h i s  paper is a l l  about. The v e r s a t i l i t y  of in fo r -  
mation technology and freedom from mechanical cons t r a in t  suggest a new manage- 
r i a l  imperative. 
la Usher; A.  P., A History of Uechanical Inventions, (Cambridge: Harvard Un4.- 
v e r s i f y  Press ,  19% rev.  ed . ) ,  116. 
la Noble, D .  F., Forces of Production (New York: Alfred A .  Knopf, 198&), 68-70. 
I b Bright,  J. R . ,  Automation and Management, (Boston: Harvard Universi ty 
Graduate School of Business Administration, 1958), 16. 
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Figure 29: Work. mechanization, and in te l l igence  i n  t h e  evolution 
of prvcess control .  
The sysrems of the  epochs c l~a rac te r i zed  by in tegrat ion and in te l l ignnce are  
seen as  man-machine cooperatives.  To understand t h e  s ignif icance of t h i s  s h i f t ,  
l e t  us imagine the  technology in t h e  extreme. Consider a small group of engi- 
neers working coorperatively via  a connected system of work,.tarions on iesign- 
ing,  and wr i t ing  the  manufacturing so f tva re  fo r  producing, on any defined 
configuration of machines located anyvhere in the  world, a l l  of t h e  Lomponents 
f o r  a new r i f l e .  Having created the  requ i s i t e  procedures, the  r i f l e  can now be 
produced, m vhatever quant i ty  is desi red.  Machine capacity and materi(3ls have 
become commodities, t o  be bought and sold  a t  whatever p r i ce  one can oi.cain. 
We a r e  not the re  ye t ,  you say.  Yes. But why not? What is holding us back is 
not increasing mechanization, but t h e  g r?a te r  in te l l igence  i n  the  form of pre- 
-
c i s e  and complete s e t s  of contingent procedures. This is t he  technological  
imperative today. 
The one incontrover t ib le  t rend we see  through the  six epochs of process 
control  is t h e  evolution of manufacturing from an a r t  t o  a science.  Each of the 
six epochs focused on a pa r t i cu la r  aspect--accuracy, precis ion,  
reproducibi l i ty ,  s t a b i l i t y ,  adap tab i l i ty ,  and v e r s a t i l i t y .  I n  the  ea r ly  epochs, 
we developed measures, then gained control  of the  process. Next, we mastered 
v a r i a b i l i t y ,  f i r s t  in t he  machine, then i n  the  human. F ina l ly ,  we s tudied,  and 
then control led ,  contingencies in t he  process u n t i l  we were able  t o  ex t rac t  
general  p r inc ip les  and technologies t h a t  we could apply in a va r i e ty  of domains. 
I n  shor t ,  we achieved v e r s a t i l i t y .  These a c t i v i t i e s  map d i r e c t l y  i n t o  the  s tages  
of procedural knowledge in t he  development of a manufacturing se rv ice  as pos- 
tu la t ed  by Jaikumar and Bohn. Figure 29 t r aces  our progress from high t o  low 
d i sc re t ion  and back again,  and from increasing mechanization in an e s s e n t i a l l y  
s t a t i c  world t o  increasing in te l l igence  i n  a more v o l a t i l e ,  dynamic world. 
We have seen i n  d e t a i l ,  fo r  each of the  s i x  epochs, what t h e  chanoes !lave 
meant f o r  manufacturing management i n  t h e  firearms indust ry .  I s  it poss ib le  t o  
generalize these  f indings t o  o ther  indust r ies?  A s  long as the re  a r e  s t r u c t u r a l  
s i m i l a r i t i e s  in t h e  manufacturing process technologies--metal f ab r iqa t ion ,  f o r  
instance--we would venture t o  say t h a t  the  broad t h r u s t  of our argument holds 
t rue .  There is a paradigmatic s h i f t  t o  a more dynamic, information in tens ive  
world, centered around t h e  development of i n t e l l e c t u a l  a s s e t s .  Managing these  
i n t e l l e c t u a l  a s se t s ,  t h a t  is, attending t o  t h e  man-machine cooperative system, 
is t he  new challenge. 
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1. I NTRODUCT I ON 
There is a lot of practical evidence resulting from the many 
case studies tsee Ranta et. dl. , 1988; Jaikumar, 1986; Coldhar 
et. dl. , 1983, 1985; Meredith, 1987) which proves that the most 
critical issues of the application of CIM technologies are 
managerial and organizational aspects of the systems 
implementation. However, the basic technologies are not yet 
invariant and not at a mature stage of development. Thus it is 
reasonable to expect that technological factors can still 
considerably contribute to the technological and economic 
efficiency of different CIM technologies. We can also expect that 
many systems applications are simply dependent on economic 
efficiency and capital intensity of different manufacturing 
technologies. Thus many of the stated goals and targets of CIM 
and FMS technologies, such as flexibility, accuracy, processing 
speed, complexity of products and parts, are mainly dependent on 
the trade-off between the technological capabilities and the 
costs of technological solutions. 
One of the main technological driving forces has been the 
application of information technologies, 1. e. mainly basic 
electronics, computer technologies, and communication 
technologies, in both the products and the production of 
manufacturing industries. We can expect that this process will 
still be intensified when the possibilities of information 
technologies are fully utilized. This also means that the key 
carrier branches of technological change will be the 
manufacturing equipment industries, which utilize the dynamics of 
technological change both in their products and in their 
production, and which have forward linkanes with other 
manufacturing industries providing them with systems and advanced 
tools. The motive branches of change will be electronics, the 
computer, communications and electric machinery industries, which 
provide tools and means for the manufacturing equipment industry. 
Thus the manufacturing equipment industry has backward linkages 
with information technologies and related industries. In the 
following the paper analyzes possible forms of future application 
and makes an assessment of different carrier technologies, 1.e. 
electronics and informtion technologies, and their impacts on 
future manufacturing technologies. 
2. COMPUTER INTEGRATED MANUFACTURING: BASIC DEFINITIONS AND 
TODAY' S APPL ICAT IONS 
2.1 Production Automation -- as a Whole and in Part 
No attempts will be made to give a complete definition of 
computer integrated manufacturing and all aspects of modern 
production automation. An illustrative definition is presented in 
Figure 1. Accordingly, CIM is integrating different technologies 
as well as different fields of engineering and knowledge. 
We can differentiate four basic levels. The heart of 
production is, of course, the =chine level. It has been one of 
the starting points of manufacturing automation and one of the 
first appliers of electronics and information technologies in 
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Figure 1. The levels of production automation. 
manufacturing. The most typical examples are CNC-machines, 
robots, automatic storage, transportation devices and special 
machines in different industrial sectors, such as cutting 
machines in the clothing industry. The automatic machines have 
two kinds of interfaces: one downward interface towards 
production with sensors. transmitting devices, servomechanisms 
and switching devices, and one upward interface towards the 
systems level and towards the planning process with different 
communication systems. E.g., a modern NC-tool or robot can have 
its own microprocessor control for each axis of the motion, 
custom-designed semiconductors in servomechanisms, as well as 
sensing and information processing devices to take care of the 
downward and upward interfaces and the all-over control of the 
machines. These are real mechatronic products, combining 
mechanical engineering, electrical engineering and electronics. 
The systems level is the second level integrating single 
machines with the help of computers and communication technology. 
There are flexible cells (FNC), their combination in the form of 
flexible manufacturing systems (FMS), or even an integration of 
several FHS in the form of a factory-scale system. For such an 
integration, systems or single machines have to be able exchange 
data and information. Therefore a combination of cormnunication 
technology with computer technology is important-- not only for 
the integration, but also for the upward interfaces to different 
planning systems. The second crucial issue is the mechanical 
integration with the help of transportation devices and storage 
systems. As a whole, the systems concept is at its emerging 
stage, because there are no ready-made or standard concepts for 
the software and the communication parts of the system; therefore 
software engineering is one of the key issues on the systems 
level. 
The third level consists of different planning and design 
systems, including CAD, CAN and process planning (CAPP), as well 
as production planning and control. The planning level has been 
the second starting point for information technology applications 
in manufacturing and it has been far ahead of the systems level. 
E.g., different CAD and production control systems are well 
established and intensive users of computers. However, there have 
been problems with the integration of different planning 
technologies, such as CAD, CAW and CAPP, to produce dl -- ?ctly from 
the design data bases the required tooling steps, rout~dg 
instructions and BC-controls. The same is true for the downward 
interfaces with the manufacturing systems level. Thus, 
considering the whole CII-concept, one of the key questions is 
again software engineering and communication technology and the 
integration of design and planning with manufacturing. 
The fourth level, which is emerging parallel to the 
manufacturing systems, comprises application design and related 
engineering and project delivery activities. This can be regarded 
as a separate level or business activity, because there is a 
special need to combine customized requirements and technological 
possibilities and to specify applications as well as the system 
architecture. The growing need for these activities is also due 
to the lack of common systems solutions and the novelty of 
systems technologies for snmll and medium-scale induetries (see 
also Bullinger et al., 1985). 
Apart from this vertical classification, the CIN 
technologies may also be classified horizontally accord in^ to the 
required processinR steps. E.g., there exist different 
technologies for sheet metal processing, part tooling for 
prismatic and rotational parts and product assembly. To achieve 
all-over integration, different tooling steps have to be 
incorporated in addition to different functions. 
The essential point is that there is no single, well- 
designed production automation technology, but it combines many 
different technical products and utilizes a high level of 
integration. It is also essential that software engineering plays 
a major role on the systems level and that organization 
innovations and marketing innovations (understanding special 
needs) are the key factors in a successful design of 
applications. 
This integrated systes aspect of production automation 
makes it difficult to develop "a life-cycle modelw for flexible 
nmnufacturing automation. The systems concept (CIH or FHS) is 
still at the emerging state, but it can utilize mature 
technologies as components, and clearly radical innovations and 
take-offs in the mature components (robots, BC-machines, such as 
laser cutting) will have a major role in future trends, if they 
become technically feasible. 
The FHS or CIM system can be considered as products and as 
product innovat ions. However, maj or difficulties arise for many 
industrial branches when FNS and CIN systems are regarded as 
production innovations. In practice. the successful application 
of FNS or CIN or of the concept of flexibility requires major 
ornanizational innovation. The FKS and CIK systems are always 
special, customized systems, usually designed to fulfill very 
special needs -- there are no unified, standard FKS or CIM 
technologies. For this reason application know-how  marketi in^ 
innovation) is essential in the systems planning and the project 
output. Again we can conclude that flexible production automation 
has a highly integrating nature and that the future trends, and 
especially the diffusion of FWS and CIH technologies, will depend 
on many factors -- on many technical components, organizational 
factors and application design capabilities. 
The integrating as well as the emerging nature of the FXS 
and CIH concept also reflects the fact that, as business 
activities, FXS and CIM are very diversified: there are 
specialized vendors for IiC-machines, robots, AGV' s, etc. In 
addition, there is a newly enmrging line of business: systems 
integration and systems engineering, which is software-oriented, 
but which requires a thorough knowledge of a certain application 
area. 
The lack of common standards also provides possibilities of 
going into business with specialized, interface- and 
colnmunicat ion-oriented software. Furthermore, there are 
considerable possibilities for snall, high-tech firms, which are 
specialized in very narrow technological areas, such as special 
sensors, signal processing, image processing, etc. 
Finally it should be noted that each industrial branch 
(metal products, electronics, clothing) requires its own special 
application knowledge which, in general, is not transferable from 
one branch to another. 
2.2 Backward and Forward Linkages 
In order to forecast the future applications of 
technologies, it is essential to know the routes of diffusion and 
the ways of how to utilize modern technologies. In this paper 
these routes are called forward and backward linkages. Figure 2 
illustrates the basic way of thinking. The forward linkages 
present practical needs or the market pull, and then, of course, 
the backward linkages can be regarded as the technological push. 
The first-order carrier branches consist of the machine-tool 
industry, the robot industry, and related industries. The 
development of these branches has been heavily based on 
information technologies; they also provide components for 
systems integration, which presents the second part of the first- 
order carrier branches. The systems integration is mainly based 
on extensive applications of computers and communication 
technologies. Important special issues are distributed processing 
and databases as well as local area networks. Therefore software 
engineering also plays a crucial role in this context. On the 
machine level the driving forces are, apart from computer 
technologies, the integration of mechanical engineering and 
electronics, and even of the basic component technologies, into 
the machine design. Also electrical engineering plays a special 
role because of its servos and drives. 
The main application areas are here called the second-order 
carrier branches, because they are, apart from the machine-tool 
industry itself, the main users and appliers of the systems and 
the basic machine technologies. So far the main branches have 
been general machinery, the automobile and car industry and other 
transportation equipment industry, as well as the electronic and 
electric product industry. These branches will -'so be the main 
appliers in the future. However, depending on t~,hnological 
capabilities and economic efficiency, we can expect the diffusion 
of compact systems also to extend to small and medium-scale 
enterprises as well as to the so-called marginal branches, like 
wood product industries. 
There are furthermore some special branches, like the 
clothing industry, which are extensive users of information 
technologies based on modern production technologies, but they 
are somewhat outside the mainstream of the development, because 
of special requirements and special machinery. The reasons might 
be difficulties in material handling, possibly necessitating 
special types of machines, or other technology-related reasons. 
Vith regard to the backward linkages it is safe to expect 
that the manufacturing industries will not be the key industries 
THE MOTIVE TECHNOLOGIES THE FIRST ORDER CARRIERTECHNOLOGIES THE SECOND ORDER CARRIERS 
F i g u r e  2 .  The mot re and c a r r i e r  t e c h n o l o g i e s .  
influencing the future trends of semiconductor and computer 
industries. In Japan and Europe this influence can, to some 
extent, exist. But in general we can regard the semiconductor and 
computer industry from the manufacturing viewpoint as an 
autonomous force, which will proceed in the near future according 
to its own laws, or which will partly be driven by the space, 
aircraft, telecommunication and military industry. Thus we can 
analyze the impacts resulting from the backward linkages to be a 
real technological push. 
As mentioned before, the key element of change is the 
machine-tool and the related manufacturing systems industry. It 
has so far been the technological driving force, as it has 
provided the basic components for systems integration and as it 
has been the first user of FWS in its own production. In that way 
it has been the key elemnt of the systems integration and has 
been moving from a component supplier and a systems applier to a 
systems vendor. Another important path to systems integration has 
been through electrical components and special controls. Usually 
this industry has provided special components and controls to the 
machine-tool industry or has even produced robots. It has also 
been an early user of the systems in its own production. It is 
quite a logical step to move from systems control to integration 
and related software products. The third main path has been from 
the computer and software industry to manufacturing software 
integration. This is, at the time being, the growing group, and 
there is a special need or a special market niche for that kind 
of activity, because the systems and related software products 
are still mainly customized products due to a lack of common 
standards and so far there is no common control structure for the 
systems and for their architectures. 
It has been and still is common that the system integration 
is carried out as an in-house activity directly by the final user 
of the systems in the application area. This is to a great extent 
due the customizing of the systems. At the present time there is 
also a common phenomenon that systems are supplied by a 
consortium of companies, which can be even international. Such 
forms of cooperation usually consist of a systems integrator and 
several component suppliers, where the systems integrator has the 
main responsibility. Such consortia seem to be quite sustainable 
forms of collaboration. 
2.3 Technological Factors of CIW and FWS Applications 
One common hypothesis has been that there is a shift from 
economies of scale to economies of scope in many industrial 
sectors. Thus the critical competitive factor lies in the ability 
to make product variations and to manufacture them in an economic 
way. In combination with product variations there are 
requirements for short delivery times, high quality products, 
small batch sizes and capital savings. Together, these 
requirements make it possible to respond to the customized needs 
and to compete in special market niches. An analysis of empirical 
data, as will be seen later, supports the above statement. One of 
the driving forces has actually been the attempt to realize 
economies of scope in terms of flexibility of product and 
delivery time, and, at the same time, to increase the product 
quality (Brsdner, 1985; Bullinger, 1985; Talaysum et al. , 1987). 
If this is really the case, then the next natural question 
is: what are technological means and what are the main 
technological obstacles to achieve flexibility. These 
technological factors of flexibility are defined in more detail 
by Ranta and Vandel (1988) and Ranta and Alabian (1988). 
Nany of the basic factors of flexibility on the operational 
level are related to the current technology and its economic 
capabilities. From the empirical findings and case studies we 
can conclude that there exist main technological obstacles of 
flexibility. Pallets and fixtures are still expensive and they 
are main obstacles of machine and process flexibility. General- 
purpose -- but economic -- pallets and fixtures are still to be 
developed. The possibilities to make prismatic and rotational 
parts at the same manufacturing center are growing, but a real 
general-purpose machine and thus a remarkable increase of machine 
flexibility as well as process flexibility is still beyond our 
present economic capabilities. Production flexibility as well as 
structural flexibility is dependent on software issues. A 
modular systems software as well as a proper interface system can 
guarantee systems extendability in the future. An open 
communication system as well as the use of a common communication 
protocol will help to increase production flexibility. A modular 
software design and standardization of systems software can, in 
general, decrease tailoring and application design costs. 
Anyway, software engineering is a key issue when we try to 
guarantee the availability of systems and their high reliability. 
An increasing a m u n t  of functions will be controlled or realized 
by software. 
The above problems are also reflected in the cost structure 
of the ENS systems. According to our empirical data (Sheinin et 
al., 1987, Tchijov et al., 1988a) the average investment costs of 
the systems are 3-5 million US S ,  and most of the systems are 
below that level, corresponding to 3-5 machining centers. The 
other parts of the systems are expensive, complicated, and 
typically consisting of over ten machining centers. The average 
cost break-down is typically 50-682 for the BC-tools, 15-25% for 
the auxiliary devices. such as robots, transportation and 
storage, 20-253 for the systems control -- both software and 
hardware -- and around 10% for training and planning. If the BC 
costs are split up, we can conclude that the basic machinery 
corresponds approximately one third, BC-programs to one third, 
and fixtures, tools, tool changers, etc. again to one third of 
the total BC-tool costs. Thus we see that the overall software 
costs corresponds to nearly 50% of the total costs of the 
systems. These figures are also found in other studies (Shah. 
1987; Fix-Sterz et al. , 1986). 
If the empirical availability figures are studied, it can be 
concluded that the most critical issues are the interfaces of 
different software modules and the mechanical and electrical 
parts of the auxiliary devices. Also, the ability to make product 
changes and the costs of such changes depend more on the physical 
limitations and on the costs of the changes in the mechanical 
parts of the system than on software issues. Thus we can make p 
critical remrk: one common wav of thinking has been that the 
increasinx share of software will lead to an increased 
flexibilitv because of the relatively easy changeability of the 
software functions. On the systems level this is basically true, 
but the flexibility potential created by the software can be 
considerablv constrained by the mechanical part of the system, 
both as a cost factor and as a technical performance factor. 
The application of FI systems basically falls into two broad 
categories, both of which present a different way of the 
substitution of c~sventional manufacturing technologies by CII 
technologies. On the lower cost side of the applications there 
are compact systems, and on the upper cost side there are 
complex, large-scale systems. This phenomenon can be explained 
by technological factors. 
There is also evidence in practice that the increased 
capacity of systems and the increased complexity will increase 
the systems costs/machining unit in a stepwise manner <Sheinin et 
al., 1987, Tchijov et al., 1988a). This is due to the need for 
more efficient machinery when a certain level of complexity is 
reached. Basically this due to the transportation and warehousing 
systems and systems control. In small size systems it is enough 
to have a compact type material handling system, like a conveyor, 
and simple systems control based on programmable logic. When the 
complexity increases, a more sophisticated material handling 
system is needed, like automated guided vehicles, and the systems 
control has to be based on computers, distributed data bases and 
integrating communication systems. These changes in systems 
complexity tend to change in a stepwise manner. 
On the lower end of the applications modest benefits can be 
achieved by a compact system and by low investment costs. On the 
upper end there are possibilities for substantial savings, 
although the investment costs as well as the complexity of the 
system are high. The potential benefits usually justify the 
higher investments. The second factor, which generally conforms 
with the use of complex systems, consists in a real learning 
curve effect or economies of scale in software production. When 
the level which necessitates the changes in the basic systems 
architecture has been reache* there are many possibilities to 
repeat <or simply copy) the basic software modules and use the 
same basic modules in different interfaces and in systems 
coordination and timing. The larger the scale of the system under 
design, the more immediate are the benefits of software 
repet it iveness. 
However, we would like to make another critical remark. The 
mediur~scale svstems are critical from the economic point of 
view. It might hapven that a sophisticated systems architecture 
based on distributed data bases and communication is needed. but 
the potential benefits are not hiah enouxh to justify the svstem 
investments and the system complexity is not hinh e n o u ~ h  to draw 
the benefits from the economies of scale effects. This remark is 
also consistent with empirical data, which show that compact, 
small-scale systems and very complicated, large-scale systems 
have the shortest pay-back time. This also leads to the following 
conclusion: a critical technical issue for the future 
applications is the possibilitv of a module-type control 
structure and a transportation device, which allows for a soft 
extendabi 1 itv of the system without drastic architectural 
chan~es. 
Thus, if there will be no real technical breakthroughs in 
realizing systems controls and all-over architectures, which 
guarantee module-based design of systems and an easy 
extendability, it is reasonable to expect that the basic 
application diffusion paths of the flexible manufacturing systems 
will be of the following two types: highly efficient and complex 
systems replacing rigid transfer lines, and, on the other hand, 
compact, small-scale systems replacing conventional semi-manual, 
BC-tool based production. The economy and applicability of the 
middle-range system will be highly dependent on systems control 
and communication software as well as on flexible transportation 
devices. 
Moreover, it is worthwhile noting that the overwhelming 
majority of applications are tooling of either rotational or 
prismatic parts. Sheet metal processing is in a sense already 
mature, but lagging behind basic tooling. Assembly systems are 
rather few, but a growing area. Their technological factors are 
even more critical than in tooling. 
3. IMPACTS OF MOTIVE TECHBOLOGIES: EXPECTED CAPABILITIES OF 
ELECTRONICS, COMPUTERS ABD C013WUHICATIOB 
One of the basic technological driving forces in flexible 
manufacturing systems and in CIM have been the possibilities 
created by electronics and computers (see Fkirber, 1986; Barita, 
1987). It is safe to expect that this trend will also continue in 
the near future. Already today electronics and software systems 
are a critical part of the systems on all levels, 1.e. from 
sensors and servos to systems control and architecture. There are 
many technical performance indexes such as speed of tooling, 
accuracy of the motion, accuracy of measurements and 
communication possibilities of system parts, which can still be 
improved by the application of basic technologies. In what 
follows are some of the most likely impacts on manufacturing 
automation are reviewed. 
3. 1 Basic electronics 
One of the easiest forecasts has so far been the development 
of the transistor density of the microcircuit and of the costs of 
one bit on the memory circuits. The conventional wisdom, as it 
was seen in that year (1982), is presented by Figures 3a and 4a. 
It can be observed that the accuracy of the estimates is quite 
good, although a little too pessimistic. Ve already have 
commercial memory chips in the 1 Mbits range and first 
announcements regarding 4 and 16 Hbit memory chips (dram) have 
already been made. Of course, the market has so far been laid out 
for 256 kbits and 1 Hbits. For the static memory components the 
forecasts are quite accurate. Figures 3b and 4b show the actual 
new estimates (for data see Jurgen, 1988; Pickar et al. , 1988). 
It is reasonable to expect that these basic trends will 
continue, so that we will have even more efficient, more dense 
and cheaper circuits in the future. This development has several 
advantages with regard to manufacturing automation. The small 
size improves the possibilities to combine mechanical and 
electronic design -- or to make mechatronic devices, the higher 
density decreases mechanical connections, making systems more 
reliable and suitable for the so-called embedded systems, and the 
decreased power consumption also makes systems more reliable and 
makes it easier to develop embedded s y s t e ~ ,  which are important 
issues in industrial applications. Finally, the decreasing price, 
of course, makes new cost-effective applications available. 
It is, of course, not only these quantitative numbers which 
matter, but the development also will include a lot of 
qualitative aspects, which are more essential for the industrial 
automation. These aspects will be emphasized below. But before 
starting on this subject, we will show some estimates resulting 
from expert panels. 
According to the Scientific American expert panel, the 
following future see= to be possible in the next 18 years 
(Scientific American, 1987). 
- The current trends of miniaturization will continue in the 
next 18-15 years, which will lead to an improvement of the 
component density by a factor of 20-48. 
- This is made possible both by the decreasing line thickness 
and the lower operating voltage of circuits. 
- The main transistor technology in use will be the so-called 
field effect transistors, most probably the CNOS-technology, 
providing a gate delay on the order of 8.2 ns and a chip 
density on the order of 16-28 million devices per chip, 
offering 256 Kbits memory chips and providing an operating 
speed of 38-60 NIPS in microprocessors or a fully single- 
chip computer in the speed range of 1-3 HIPS. 
- Optical communication and optoelectronics circuits in 
general will be on the order of ten times cheaper than today 
and most likely ' wide use. 
- Advanced architecrures will proceed and it is most likely 
that there will be commercially feasible parallel processing 
computers as well as other special-type architectures for 
signal processing, graphics, logic programming etc. 
Figure 5 summarizes this promising future. 
According to Electronic Design (January 7, 1988) the 
following future, which is very similar to that of the Scientific 
American, seems to be possible in the next 18-12 years. 
- The device density as well as the processing power seem to 
be on the same order of as stated above. 
- Optoelectronics and optical colnrmnication will be in general 
use in the future. 
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Figure 3a. The development of memory and microprocessor 
chips (Bursky, Electronic Design, 1 9 8 3 )  . 
Figure 3b. The l a t e s t  development trends  (Pickar e t  a l . ,  
1 9 8 6 ) .  
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Figure 4b. The price impact of increasing density 
(Pickar et al., 1986). 
Figure 5 .  The evolution of efficiency of different com~uting 
categories (Sci. Americ., October 1987). 
- Advanced architectures will evolve and will provide a cost- 
efficient way to increase computing power. 
Figure 6 shows some of the future prospects. 
The recent developments have been linear, so that it was 
easy to make forecasts. This also applies to the above forecasts: 
they are mainly extrapolations of the existing trends, which, of 
course, may appear to be valid. Yhat really seems to be difficult 
is to forecast qualitative changes and their possible impacts, 
and to analyze obstacles, which may slow down the existing 
trends. In the following section some qualitative aspects will 
subject to discussion. 
Basic silicon technolouies 
There have been continuous discussions on the future of 
silicon as a basic building material for microcircuits. For so- 
l@-15 years there have been forecasts of the substitution of 
silicon technologies by new materials, such as GaAs (Galliunr 
Arsenide) . However, this substitution never really occurred, 
which is due to the developmnt of the silicon technologies -- 
they are by no means mature technologies. 
The basic problem to be overco- in microcircuit design has 
been a triangle: demand for increased density, the necessity to 
have a low power consumption per transistor because of the 
increasing transistor density, and the demand for a high 
processing speed (small gate delay). The first requirement has 
been one of the basic driving forces and is obvious. To gain in 
efficiency, cost and reliability, there is a continuous demand 
for miniaturization and higher density. But just because of the 
higher density the power consumption as well as the waste heat 
production have increased -- therefore the second requirement is 
important. The third requirement is obvious from the efficiency 
point of view. Apart from this basic triangle, there is a need 
for easy manufacturing and design of circuits. 
However, so far it has been nearly impossible to realize all 
these demnds in the same design. Therefore it is common that the 
high density chips are based on technologies, which are not so 
efficient in terms of speed, and vice versa, the high processing 
speed chips also require more power. 
The demand for low costs and reliability has been so high 
that there was a rapid substitution of the so-call bipolar 
transistor and low-delay technologies (such as ECL, TTL, etc. ) by 
the less power consuming field-effect transistor technologies 
(NMOS, CMOS). Figure 7a shows the process as it was estimated in 
1983. In practice, this substitution has been more rapid and we 
can expect MOS-technologies to represent 88% of all the circuits 
sold in 1990 (see Figure 7b). This is nearly exclusively due to 
the developmnt of the manufacturing and design processes of the 
CMOS technologies. Therefore, the CMOS technologies will be the 
most highly used single transistor technology and it will 
gradually replace the ElIOS and bipolar technologies. For the 
details (see Immonen, 1983; Banta et al., 1985; Riezenman, 1984; 
Thompson et al. , 1987; Chow et al. , 1987; Pickar et al. 1986). 
V) 
E 
=2 1000 - 
z loo - 
.- 
.z lo, 
E 
C 
0 1965 1970 1975 1980 1985 1990 1995 
Year announced 
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architectures (Electronic Design, January 7, 
1988). 
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Figure 7b. The corrected forecasts of 1986 (Electronic 
Design, January 1986). 
What is essential now, is that due to the development of 
design and manufacturing the CMOS technologies begin to be as 
efficient as the conventional low gate delay circuits, such as 
ECL and TL. This means that for the first time in history there 
are possibilities to combine the high density requirement with 
the high speed requirement on the same chip. 
Therefore it is most likely that the cost-performance ratios 
of silicon technologies (US/IIPS or US/transistor) will still be 
greatly improved in the next 10 years. Therefore it is 
reasonable to wait for the cost-performance ratio of silicon 
technologies to become an order of 18-15 better than the GaAs 
technologies, or to reach even a higher ratio. Thus our future 
will mainly be a silicon (CMOS) future. This was also expected 
by the expert panel of the Scientific American. It is also 
reasonable to expect that the trends they forecast are m ~ s t  
likely to occur. 
From the manufacturing automation point of view this means 
increased possibilities to use so-called embedded circuits, more 
rapid and accurate controls of machines and more powerful work 
stations at the design end of the systems. 
Semi-custom and custom-specific technolouies 
One of the advantages of CMOS technologies has been easy 
design (relatively speaking) and the possibility to integrate 
analog and digital functions on the same ship. These facts have 
made CMOS technologies a proper candidate for semi-custom and 
custom-specific circuits. The experience gained in manufacturing 
and design of CMOS-circuits has led to a rapid growth of the use 
of semi-custom or custom-specif ic circuits (see Bell 1986; 
Guter 1, 1984 > . 
In the beginning of 1988's the economic break-even point was 
about 18,808 chips a year for custom-specific and 5,880 chips a 
year or slightly less for semi-custom circuits. The forecasts for 
the substitution are presented in Figure 8a, as it was seen in 
the beginning of 1988's. In practice this process has been more 
rapid than was expected. Figure 8b shows the recent and corrected 
estimates. This substitution process partly also explains the 
rapid takeover of ClIOS technologies explained in the previous 
section. For the data, see Seminconductor Int. , 1987; Financial 
Times, 1987; Fey et al., 1987. An extensively good overview is 
given by Fey et al. , 1987. 
These trends indicate that the economic break-even point has 
come rapidly down to 1,800-2,088 chips a year at present. This 
development will make custom or semi-custom circuits reasonable 
alternatives for small-scale applications, which are typical in 
industrial automation. 
There is sufficient reason to expect that these trends will 
continue in the future. This is partly due the more efficient 
manufacturing process and partly due to the new kind of software 
aids, called silicon compilers. These can utilize so-called cell 
or function libraries and automatically translate the functional 
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Figure 8b. Corrected estimates for semi-custom and custom- 
s p e c i f i c  c i r c u i t s  (Financial Times, September 1 ,  
1987). 
requirements to the chip layout and to the placement of 
algorithms and transistors. This approach makes the design and 
manufacturing more rapid and cheaper. Ve can call this approach, 
as opposed to the custom-specific design, a modular design 
approach (see Fey et al. , 1987; Guterl, 1984; Kates, 1987). 
The advantages of the semi or custom-specific design are 
apparent for specific demands for high reliability, small size or 
small final implementation space, high speed and high efficiency 
or for special types of signal processing. All of these are 
mostly features, which are typical of many industrial 
applications. Thus we can expect that custom design technologies 
will in the future be used in motion control, measurements, 
signal processing and interfacing. The benefits are increased 
accuracy, higher speed of tooling or motion and possibly new 
kinds of sensors, transmitters and actuators. 
The advanced special technolo~ies: GaAs. superconductivity and 
optoelectronics 
As stated above, our future will be a silicon future at 
least in the time span of the next 10-15 years. The reasons for 
this development are explained in somewhat more detail in the 
following. 
A usual candidate for the substitution of silicon has been 
gallium arsenide. which is again a strong candidate for this 
substitution. GaAs technologies have, of course, some advantages. 
The most important of them is the small gate delay, which makes 
the operating speed faster than that of silicon technologies. 
Noreover, the power consumption can, depending on the design, be 
lower than for silicon technologies. 
However, if a specific function is implemented by means of 
GaAs, the cheapest realization will be at least by a factor of 
10-20 more expensive than the silicon counterpart. In this case 
usually only the processing speed is improved, but the power 
consumption may be even worse than that of the silicon 
technologies. If both the power consumption and the speed are 
likely to be improved, then the cost difference will be even 
higher as compared to the silicon technologies (see Hilutinovic, 
1986; Frensley, 1987). 
It can be forecasted that this basic situation will not 
change in the near future. This is partly due to the physical 
properties of GaAs (crystal structure and discolations) and it is 
partly due to a more difficult and complicated manufacturing 
process. Therefore it is a common way of thinking that the reject 
rate in GaAs processes will always be higher than in silicon 
technologies. As a result of these factors and the more expensive 
and rare raw material, GaAs chips will never reach the price 
level of silicon chips. Thus the cost-performance ratio will 
still be better for the ailicon chips and there will be no rapid 
changes in this respect -- the developl~ent is more likely to be 
vice versa due to the rapid development of CMOS technologies. 
Thus we can conclude that there will be no general substitution 
of silicon technologies by the GaAs technologies (see 
Nilutinovic, 1986; Belson, 1985). 
However, those kinds of signal processing tasks, in which 
the price is not a critical factor, are more likely to be the 
basic application areas of Gads-technologies. Horeover, the 
insensitivity of GaAs to electromagnetic disturbances in 
combination with speed and power consumption make the most likely 
applications still in space and aerospace technology. 
Optoelectronics is also a new and growing area for GaAs- 
technologies. But there are no reasons for its rapid diffusion 
into manufacturing automation. 
Superconductivity is, of course. due to the recent 
achievements in this field, another typical issue. There have, 
however, been too optimistic overtones. There is still a long way 
to go before practical applications. As many specialists have 
noted, high temperature alone does not open the way for practical 
application; the critical issues are the current density, which 
is not yet high enough for practical applications, the 
requirement of exceedingly high magnetic fields and the 
sustainability of the superconducting stage. Thus it is most 
likely that superconductivity will not play an important role in 
manufacturing automation in the near future. 
The wide spectrum of the optical technologies has also 
presented candidates for various kinds of innovations in 
manufacturing automation. In practice there exists some 
potential, and expert panels are quite optimistic regarding the 
future of optical technologies (see Batchman et al., 1987; 
Giallorenzi, 1986). 
In manufacturing automation the main application areas are 
communication, mass storage and sensing devices. Prom the 
technical point of view communication technologies are already in 
existence and there is a slow substitution process for the 
conventional systenm. The starting point has been a point-to- 
point type of communication in mass transfer of data and signals. 
The local area network applications and industrial applications 
have so far been few. These applications are mainly used in those 
areas where there 1s a high risk of electromagnetic disturbances. 
This situation is primarily due to the high prices of 
connections, junctions and interfacing devices. An optical LAB is 
still on the order of ten times more expensive than its 
conventional counterpart. 
However, it is reasonable to expect a slow cost decline of 
interfacing and connections. This means that optical 
communication can compete with the conventional comnication 
syste= when high speed, high capacity or very high reliability 
are needed. 
The other possible application area is the field of sensing 
devices. This could be one approach to get reliable feedbacks, 
e. g. from the tooling process (Giallorenzi, 1986). There are no 
practical ways to make any concrete forecasts in this respect. 
However, the robotized arch welding is one example of that kind 
of development, where combined laser, optical sensors and fibers 
are applied together with image processing to the seam tracking 
problem. 
The third and probably the most important issue of optics is 
laser cutting and tooling. If this technology will actually be 
commercially available, we can expect the whole range of 
manufacturing to change, and even the machine tool industry will 
then look completely different. However, for the time being there 
are no reasons to expect a rapid diffusion of laser tooling, but 
it can be this kind of qualitative change which causes 
discontinuity. 
3.2 Computers, Software and Communication 
Basic processors 
In the beginning of Chapter 3 some general trends have 
already been presented. It is reasonable to believe that those 
main trends will actually occur. From the viewpoint of 
manufacturing automation the most interesting technologies are 
embedded systems, minicomputers and software engineering. 
The efficiency of processing can not only be influenced by 
the basic component technologies, but it is also influenced by 
systems design and architectures (see Torrero, 1983; Fitzgerald 
et al., 1987). So far the systems have been classified according 
to price and efficiency (KIPS -- million instructions per 
second), as shown in Figure 9. But the most important 
differentiating or classifying principle is the semiconductor 
technology used to build up the system. This is also indicated 
in Figure 9 (see Gupta et al., 1984). 
Conventionally the low price-level systems have been 
realized by the MOS-technologies. The low price has necessitated 
high component density to avoid expensive boards and mechanical 
connections. Therefore low power consumption has also been 
required. On the other hand, the high price-level systems are 
based, due to the required efficiency and MIPS-power, on the low 
gate-delay technologies, such as ECC and TTL and other bipolar 
technologies. Therefore, due to the higher power consumption, 
the component density has been lower and the functions are mainly 
integrated on the board level -- which makes the systems more 
expensive. Many functional properties of different categories 
(e.g. micros and minis) as such can be the same, like the word- 
length or the capacity of the main memory; the efficiency is 
gained mainly through different transistor technologies. 
The essential event taking place at present is the 
development of the CMOS-technology to have a low gate delay in 
addition to a low power consumption. Therefore it is reasonable 
to expect CMOS-technologies to be the main transistor technology 
over the wide range of the individual categories. This means 
that the categories will be overlapping and the boundaries will 
still be reduced. On the other hand, it is likely that 
completely new kinds of special systems will appear among the 
classical systems categories (such as minisuper systems, signal 
processors, graphic processors, etc. ) . Theref ore it is also 
likely that the future systems will be rather classified 
according to the purpose of use and not necessarily anymore 
Computing power 132-bit MIPS) 
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according to prices and KIPS. Figure 10 presents the dynamics of 
the change (see Bond, 1986; Nartin, 1987; Pickar et al., 1986; 
Jurgen, 1988; Electronic Design. 1988). 
The work stations and basic minis have their main impact on 
the design end of the CIH. 
The special architectures and signal processors and the 
embedded systems in general affect mainly the machine level. 
Special architectures and si~nal process in^ 
The special architectures such as co-proce66ing, reduced 
instruction sets (RISC), and task or application-oriented 
architectures, like graphic and signal processors can double or 
triple the performance of the normal systems. This is due to the 
optimization of the instruction set and the architecture for a 
specific task, so that unnecessary overheads can be avoided. 
Applying task-specific architectures for embedded systems and 
work stations, they easily reach the efficiency of minis, and 
this at a more moderate price. Especially signal processors, 
graphic proces6ors and co-processor architectures can be valuable 
for machine automation. Moreover, it is reasonable to expect a 
declining price trend of specific architectures, which will mean 
a lower economic break-even point for many applications (see 
Rauch, 1987; Witra et al., 1987; Wiley, 1987; Electronic Design, 
1987). An extensive survey is given by Nitra et al., 1987. 
Signal processing in general is usually thought to be that 
technology, which gives intelligence to machine automation 
applications and which will improve the efficiency of robots and 
machines. However, there is a wide range of signal processing 
applications; they are not only dependent on the basic hardware 
available, but the are also highly dependent on the methods to be 
used. Finally, the intelligence or the signal processing 
capabilities also have to solve a technological problem and 
provide a superior efficiency compared to the ordinary systems, 
and, in addition, their price has to be reasonable. 
For example, the main obstacles to extensive applications of 
image processing and pattern recognition have partly been 
methodological and partly hardware issues, which made image 
processing rather expensive for standard industrial applications 
(see Kent et al. , 1986). 
Although there are a lot of 6uccessful examples of image 
processing in practice, it is reasonable to expect a rather slow 
diffusion of these technologies for manufacturing automation 
applications. In any case, image processing will not have a 
large-scale impact on the diffusion rate of CIN technologies in 
the near future. 
This is basically due to the following mthodological 
problems: in order to be efficient each application has to use 
specific recognition methods customized to that application. 
Therefore visual seam tracking, accurate positioning of a robot 
arm by a visual system, recognition of discrete parts -- they all 
use different methods for image processing. Also the hardware 
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architecture of systems differs according to the used method and 
applications. In some cases there is a need for special-purpose 
processors and custom-specific circuits because of the required 
NIPS-efficiency, and on the other hand some applications can be 
based on ordinary processors. Therefore image processing will be 
a relatively expensive technology, because there are no standard 
commercial solutions available for every specific problem. And 
such generic solutions will not appear in the near future. 
Therefore it is usually difficult to economically justify an 
image processing system. E. g., the visual seam tracking system 
for robotized arch welding has already been available for some 
years. It has a good technological performance and in some cases 
the quality improvement of welds can be remarkable. However, 
there has been a very slow diffusion and only few co~nmrcial 
applications, because in many welding applications there is no 
real need for a visual system and the system cannot be 
economically just if led. 
Anyway, there might be a slow diffusion of visual systems 
into manufacturing automation -- the benefits will be seen in the 
form of increased accuracy and increased tooling speed. 
Apart from image processing, the other important, and even 
more important application area is diagnostic and measurement 
processing. These tasks can be realized by an embedded system 
and usually there is a need for signal processing and special 
architectures. Basically these systems can be pattern 
recognition systems of acoustic signals or other kinds of 
statistical (stochastic) analysis of signals. The results are 
again a more reliable operation of machines and a higher speed of 
tooling. 
Still, there is a third application area for special 
architectures. That is graphics processing and utilization of 
graphic processors in work stations. They might be an 
improvement in the processing capabilities and also in the man- 
machine interface. These might, again, result in more cost- 
effective CAD/CAM systems and also improve the performance of 
those systems. 
Software en~ineerin~, communication 
Software engineering plays a critical role in manufacturing 
automation. Software is based on all levels of automation, 
starting from the machines up to the integration of different 
subsystems. It is an important cost factor, and it is also an 
important reliability and availability factor. lfany previously 
deacribed signal processing tasks are completely based on the 
software methods and algorithms. In manufacturing automation we 
will therefore experience all problems known from software 
engineering (see Hecht et al., 1986; Schatzberg, 1986; Boehm, 
1987). 
There are two main trends in software engineering which 
might have an impact on manufacturing. The first is high-level, 
probleroriented languages, and the second is logic programming 
(AI-techniques), Both techniques can facilitate BC programming, 
robotics programming, and systeme integration. A definition and 
requirement specification aid system will make the design of 
systems easier and may reduce the application barriers. But 
software is still a critical issue for the integration and 
diffusion of CIH (see Weisbin, 1987; Kusiak, 1987). 
Communication systems are necessary for the integration of 
systems. As such there are no technological problems. Problems 
are rather related to the huge amount of customized software 
needed to integrate systems to communicate. The critical issue, 
therefore, is the problem of cormnonly accepted communication 
standards. If the development of MAP, e. g. , will succeed, it 
will have strong cost impacts and it will certainly speed up the 
diffusion. 
4.1 NC-machines and Machine Automation 
BC-machines are key components of FNS and CIH for part 
manufacturing of metal and wood products. The BC-business has 
many indications of a mature industry (Horn et al., 1985; EEC, 
1985): standard products, cost competition and new market 
balance, in which the winners seem to be efficient producers 
(with respect to costs and product quality). There has been a 
considerable change in market balance during the last ten years 
(Department . . . ,  1984; Automation Forum, 1987). 
Behind these changes there have also been technological 
factors. Maybe the two important factors are the incorporation 
of electronics and improved cost efficiency as well as the 
development of new types of compact machines for small batch 
production. 
Electronics and software engineering can be applied on many 
levels (see Figure 11). Usually the control of axis motion and 
the basic tooling process are now based on electronically 
controlled servo systems. Xost advanced systems already utilize 
custom design circuits. The direct measurement of the tooling 
process has so far been a difficult task. The control is 
basically an open control or based on indirect measurement, such 
as power, torque, or stress. For diagnostic purposes advanced 
signal processing, like acoustic noise analysis, or other 
stochastic analyses, can be utilized. The impact of electronics 
has been an increased efficiency without any major cost increase 
-- or an improved cost-performance ratio (see also Wright, 1988). 
The BC-controllers are nowadays usually realized by 
programnmble controls or by a free programmable microprocessor 
system. So far it has been a cormnon habit to obtain the basic 
machine and BC-control from separate sources. In this case a 
separate interface is needed to connect the BC controls and the 
servos. However, the trend is toward more integrated systems 
and, again, an improved cost-performance ratio. It is reasonable 
to expect that new software engineering tools and the foreseen 
development of processors will furthermore improve the cost- 
performance ratio. 
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There are many special tools and high-level languages to 
produce basic NC-programs. However, usually a separate micro- or 
minicomputer system is used for this purpose. Then a separate 
compiling system (post-processor) is needed to interface the 
programming system and the NC-controller. The recent trends 
indicate, however, that integrated systems will be increasingly 
available, which consist of the programming environment, BC- 
controls and all required interfaces. It is reasonable to expect 
this trend to become even stronger because of the advances of 
processing devices, particularly of special processors and work 
stations. This again will improve the cost-performance ratio and 
might also provide tools to facilitate flexibility (e.g. to 
produce new part programs). 
All these changes have caused the BC-machines to become more 
diversified and markets to become segmented, according to 
capacity and basic tooling functions. Therefore there are also 
compact systems available for small batch production. 
However, at the same time there are other interesting trends 
and signs: incorporation of electronics, software functions and 
the flexibility of production processes open a new potential for 
special-purpose machines, which, with their high performance, 
satisfy the needs of a special application. After many years 
there is now a growing class of small manufacturers who have 
built up a competitive power based on special segments and 
customized machines. Moreover, we can expect that the previous1 y 
described trends in software engineering will facilitate the 
customizing process and open new possibilities for product 
deve lopment . 
In any case, the big problem still is to integrate basic 
tooling functions, turning, drilling and milling, into a 
universal machining center. There are weak signals of a slow 
progress in this respect. Some machining centers can already do 
elementary turning functions or have a horizontal axis, and, 
similarly, some turning centers have a vertical axis to make 
drilling operations. Electronic and software development will 
yield completely new prospects in this respect -- it might help 
to create real flexibility in a coat-efficient manner. 
On the systems level important aspects of BC-machines are: 
new measurement technologies, fixtures and pallets, tool and work 
piece changers. The development in all these aspects means an 
increasing level of flexibility and increasing performance 
measures of FW-systems. However, these mechanical auxiliary 
devices may be the key technological obstacles to creating 
operational flexibility and they will remain to be key cost 
factors. There are no rapid changes foreseen in this area (see 
Feldmann, 1985; Pfeifer et al., 1985). 
It may be repeated that the machine level provides the basic 
framework for flexibility. Software functions can not help to 
provide any extra flexibility, if the machines are hard and 
expensive to change. Figure 12 shows some results of the Delphi 
studies of OTA (OTA, 1984). They are still quite relevant and 
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Figure 12.  NC machine tools: projections for solution of 
key problems (OTA, 1984). 
Current (1984) 
Hardware: 
1. Systems which can automatically and 
reliably remove a wide variety of metal 
chips produced in cutting'.. . . . . . . . . . . . .  
Both hardware and soffwars 
2. Reliable, widely applicable adaptive 
control to optimize speed of metal 
removal .............................. 
3. Tool wear sensors applicable to wide 
.................. range of cutting t w l s  A 
4. Systems for measurement o l  parts of a 
variety of shapes and sizes while the 
............. parts are being machined.. 
Software: 
5. Controllers to accommodate ties to robots A 
6. Model-based machining in which the 
machine tool operates substantially 
automatically based on data about 
metal processes and the part to be 
produced ............................. 
7. Widely applicable 3.0 verification of NC 
programs using CABbased simulations . . 
1991-2000 
m 
2W1 and beyond 
m 
198586 
A 
A 
A 
1987-90 
A 
give reasonable forecasts. Also other estimates seem to be quite 
analogous (see Vright, 1988; Department . . . , 1984; Horn, 1985). 
In terms of general trends we can conclude: 
- there will be a slow trend towards universal machining 
centers or multipurpose CBC-machines capable of parallel 
tooling and of several standard tooling functions; 
- special-purpose, multi-functional machines will become cost 
effective, providing an efficiency increase in the areas 
where one special machine can replace many standard, single- 
purpose machines; 
- incorporating electronics and software engineering with the 
mechanical design will bring flexible and general-purpose 
fixtures into comr~ercial use in a ten-year perspective, 
increasing the machine flexibility and decreasing the costs 
of flexibility; 
- new programming environments and methods make it easier to 
implement new 1SC-programs and improve the cost-efficiency 
rat lo of HC-machines; 
- all these trends mean that the efficiency and flexibility of 
the basic machinery will increase without a considerable 
cost increase. 
One radical innovation which could change the whole picture 
is laser processing. If the technical reliability of lasers 
increases, they could become an effective means of increasing 
flexibility (milling, drilling and turning by the same tool; no 
tool maintenance and drift; flexibility of software; 
applicability to different materials). This could be a real 
qualitative change from the viewpoints of both, production and 
the HC-machine business. In general we can claim that optics 
could, in a wide sense, be the technology which necessitates a 
new technological form in material processing and possibly also 
information processing. 
4.2 Robotics 
Robot manufacturing shows some of the same tendencies as the 
HC-machine industry: there are indications of a mature industry. 
The so-called standard robots are an area in which competition is 
highly cost-oriented. There have been considerable changes in 
the market balance: many companies have given up and there are 
only a few strong manufacturers left. At the same ti= new 
possibilities and potentials have been created in specialized 
robotics for very narrow applications by adding specific 
technical properties (speed, accuracy, interfaces, signal 
processing, image processing) with the help of electronics and 
software engineering. Specialized robots have also opened 
possibilities for small manufacturers. 
Robotics is also analogous to machine automation with 
control hierarchy. Figure 11 is valid only with appropriate 
terminological changes. Basically all that has been said 
regarding the control technology is also valid (see. e.g., 
Knasel, 1987; Wright et al. , 1988). 
The effects of robots seem to have two major trends. First, 
there are many stand-alone applications of standard robots, such 
as point and arch welding, painting and other surface finishing 
tasks, etc. The diffusion of robots seems to depend mainly on 
the costs of standard robots compared to replaced labor (Tani, 
1987~1, b, c; Hori, 1987). Since their costs are decreasing and 
their efficiency is increasing, we can expect a steady diffusion 
of the standard applications. The second main application trend 
is the use of robots as a part of manufacturing systems (FWU, 
FMS, FHC assembly systems, etc.). The technical features and the 
performance of robots are essential for these applications. The 
capabilities of the robots can have a considerable influence on 
the flexibilit~ and the techno-economic performance measures of 
FWU, FlGS and FHC and also of assembly cells and systems. In 
particular reliability, accuracy, speed, flexible grippers and 
intelligent interfaces (tactile sensors, vision, other signal 
processing) play an important role. New achievements in these 
areas always mean new possibilities on the systems level and also 
increase the flexibility. 
The advancement of sensors and grippers is especially 
critical for assembly systems. The flexibility of robots is 
critical both with respect to technological performance and cost 
efficiency of the systems. The second critical factor is speed 
and accuracy, which present slightly conflicting goals. On the 
systems level it is no longer the simple labor replacement, which 
matters, but there are more complicated performance requirements. 
However, it can be expected that the development will be rather 
slow and real generic and flexible grippers and reliable and 
cheap tactile sensors will be commercially available only after 
1995 (see also Dario et al., 1985) at a reasonable price (18% of 
the robot price). The image processing problems were already 
shortly reviewed above; they show the same tendencies as tactile 
sensors and grippers. Again, the OTA forecasts seem to be 
relevant (see Figure 13) and in agreement with other forecasts 
(see Wright, 1988). . 
It has been commonly thought that the so-called intelligent 
robots will gradually substitute for the standard robots, such as 
playback and fixed-sequence robots. Basically this is not true. 
The intelligent robots are more likely to expand robot 
applications to completely new fields and create new markets. 
But because this process has been slower than commonly forecasted 
-- due to technological and economic reasons -- there were too 
many optimistic expectations for the market growth. This is one 
of the origins of the problems of robot manufacturers. The 
substitution process is more likely to happen between different 
generations of playback and fixed-sequence robots, because their 
cost-performance ratio has also improved and will improve even 
further. This presents basically the same fact as stated above 
concerning stand-alone robots. From the economic and technical 
point of view there are no reasons to buy an expensive visual 
system or flexible grippers, if a simple fixed sequence robot 
with simple grippers can perform the task reliably enough, and 
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vice versa, there are tasks, which simple robot6 can not perform. 
There has been a lot of misbelief in this respect. As a product 
robots are diversified and markets are segmented. 
The following trends might materialize in a ten-year 
perspective: 
- grippers will no longer be technical and economic obstacles 
in assembly systems and because of the increased speed and 
accuracy of robots the general efficiency of assembly 
systems will be improved; 
- robots will no longer be a practical limitation in tooling 
systems; 
- a completely new set of applications, such as mobile robots, 
will be available. 
4.3 Special Machines 
In manufacturing areas such as the clothing industry, 
electronics and also the metal product industry (e. g. assembly 
tasks), there are many special machines. They are mainly 
dominated by the traditional producers. However, signs of 
diversification are clear. Especially in the clothing sector new 
possibilities are created by electronics, software engineering 
and robotics. Bew entries have occurred and will continue to 
occur -- the production technology will experience radical 
changes in the near future. 
4.4 Integration Technologies 
Software engineering or software systems play a key role in 
system integration. This has many performance consequences; in 
particular it has a strong impact on the reliability and 
availability of a system. On the other hand, the software 
systems can also improve the flexibility (see Savolainen, 1987; 
Boehm, 1987). 
On the software side standards will play an important role. 
Today, customizing and integration of the systems are carrita out 
with the help of software. Each systen requires, in principle, 
basic software and communication software modules which must be 
developed separately for each system. This is nowadays a 
significant cost factor and is, in fact, also a major entry 
barrier for newcomers to the system integration business (FHS and 
CIW systems). It also increases the costs of the specific 
applications (see also Horn et al., 1985), and customizing is 
also a major source of software errors. The standard modules, 
both for communication and basic functions, which could be used 
in many applications, can considerably decrease the development 
costs of a system. 
In general it is difficult to identify a life cycle model 
for software products. But we can say that the standardization 
of the basic software modules corresponds to the maturity s t a ~ e  
of the product life cycle. Standardization usually means a cost 
decrease and thus opens possibilities for newcomers and 
specialized systems. 
Thus, if e. g. the HAP development is to succeed, we can 
expect that in addition to the standardization it will open 
possibilities or potentials for cost-effective means to realize 
specialized systems architectures, or in other words, to increase 
the flexibility in the systems development process itself <as 
will usually happen at the mature stage). This means that: 
- the economic barriers for new entries will decrease; 
- the special-purpose systems or the subsystems can be 
economically realized, which means the creation of new 
business segments and increased diversification of the 
system products; 
- the technology-oriented, specialized subsystems or systems 
(signal processing, image processing) can be economically 
realized as a part of the standard system; this again means 
new growing market segments; 
- in a longer perspective all these trends reflect on the 
applications of FMS: economic barriers will slowly 
decrease, application areas will extend and the concept of 
flexibility will broaden with respect to part families 
<shapes and sizes). 
The basic elements of the integration are manufacturing 
systems, such as FHC and FMS. As already indicated above, 
software can not help very much on the FMS level. The 
flexibility as well as the cost-performance ratio depend also on 
the fixtures and tool changers, apart from the software. Again, 
the OTA forecasts <Figure 14) are still relevant. However, the 
advancement of the factory level is completely dependent on 
software and communication issues. Even more critical is the 
software for the integration of CAD/CAM with the manufacturing 
level. There is still a long way to go for a complete 
integration, as Figures 15 and 16 show. 
An optimistic forecast could be the following for the ten- 
year perspective: 
- there exists a common standard for the systems architecture 
(communication, interfacing, etc. which makes it possible 
to develop modular type automation systems for manufacturing 
(FMS) control; 
- this modular approach makes it possible to decrease software 
costs of manufacturing systems, to extend systelps, it makes 
it easier to develop systems and decreases the risk of 
software errors and software quality; 
- design databases are integrated into manufacturing systems 
and the first, low-cost commercial transformation programs 
are available to generate BC-programs from the design 
databases; 
Both hardware and software: 
2. FMS for? I 
2001 and beyond Current (1984) 
Hardware: 
1. Generic fixtures for holding a variety of 
work.in.process pans .................. 
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a) cyllndrlcal parts production ........ . 8 
b) sheet metal pans productlon.. . . . . . .  
C) 3-D mechanical assembly.. ........ A 
d) electronics assembly.. ............ . • 
3. Materials handling systems which can 
handle a variety of pans in any sequence 
necessary . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A • 
Software: 
4. Automatic diagnos~s of breakdowns 
in the FMS ............................ 
5. Standardization of software 
interfaces between computerized 
. . . . . . . . . . . . . . . . . . .  devices in an FMS.. 
Figure 14. PMS: ~rojections for solution of key problems (OTA, 
1984). 
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Current (1984) 
Software: 
1. Well-understood, widely applicable 
techniques for scheduling and logistics 
of complex materials handling systems 
that would allow full factory integration . . 
2. Standard communication systems 
(networks) ............................ 
3. Standardization of interfaces between 
wide range of computerized devices 
in an integrated factory.. ............... 
4. Data base management systems which 
could sort. maintain and update all data 
in a factory ........................... 
5. Computerized factories which could 
run on a daytoday basis with only a 
few humans In management, design 
functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A - Yalut~on In I&!mrarorlea. 
a- llrtl C~mm)fcI.l . ~ ~ I I ~ a l l o m  
m- s01~180n wla.l)r ma ea.111 avell.ble (rqulrlng mln1rn.l cuslm nginrdnp lor . r h  sc.plkat10n). 
2001 and beyond 
Figu re  15 .  CIPI: ?rejections f o r  s o l u t i o n  of key  ?roblems 
(OTA, 1 9 8 4 ) .  
F i g u r e  16 .  CAD: p r o j e c t i o n s  f o r  s o l u t i o n  o f  key  p rob lems  (OTA, 
1 9 8 4 ) .  
Current (1984) 
Hardware: 
1. High-resolution, color display of des~gns. 
. . . . . . . . .  with rapid generation of images' 
Both hardwam and soltwam: 
2. Lowcost, powerful rnicrocompuler~based 
workstations forb 
................ a) electronics design 
.............. b) mechanical design.. 
3. Independent CAD workstations linked 
by network, with access l o  super- 
computer for powerful analysis and 
simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
So Mwam: 
4. Threedimensional solid modeling 
systems, resulting in:' 
a) more realistic images . . . . . . . . . . . . .  
b) enhanced ability to connect with 
manufacturing equipment . . . . . . . . . .  
5. Comprehensive, powerful computeraided 
engineering systemsa for mechanical 
design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
6. Extensive designlmanufacturing 
integratione . . . . . . . . . . . . . . . . . . . . . . . . . . .  
%Il. color alrpuya u e  cunenlly mallable. they l e d  10 YIIIIC~ a l m  m¶oIut10n 
w w a r  on the semen. New ~ashniwes lor d!rplsyr. such Y the u n  d d.dica1.d rn~cmpme..or cNp8 (aa'tmllmu I.m*d l l l l c o n  enplns'7 to g . r m e  hg.h 
p m t n  to Imprm8 this rituation 
b ~ i c m c o m ~ u t o r ~ u r t  wonr~ationa lor CAD u e  m w  minp manetau, but in the ludgment 01 tashn1c.l 8.pntlcOn8U1l.d ty OTA t h y  w ~IMI m t  papornrtu~ marpll 
d o ,  not I n o x ~ r i r e  mough lo  b. urelul ~n a n d e  rmrlely o l  a ~ ~ l l c a l l o n l .  
-0 oxom. repon that mmy myll.rn1 lor >D 8olU moddlnp u e  n.ll.ble now. but they n ml W n p  uwd brun 01 I W I  Irg. .pwllt* f a c o m w t r  Drr, md 
 bra^^ thdr ~ ~ a c l t ~  to llnk d.slgn dm. lo  mmulrtur lnp oqulpmnl Is 1n.d.quate Put (b) o l  lhlr n t v  ref- to Ihl8 .blllW to 8tOW ma mmlwlm. d.sign data 
.mu1 IM phyrlc.l c h u r l d 8 l k 8  01 a p.n In ruck a wsy thrt It cur b. trmsrn1n.d to rnnu f r tudng aqulpmnl wllh w l y  mlnlmd lnlem*6mo 81- 
d ~ h l r  entry n l o n  D rncduler porertrl arxlph to allow atonah. In l8 r r l lw  Ieslmg. slmulatlm nd mflnmnml ol d.+s In a wid. m p e  of wplMLon8. Such r p t m r  
we stmnply pr&ctdep.ndent; wtile they may b. n w  8r.ll.bl0 for cerl.ln prductr  now (e.0.. Intspr.1.d Firwltr. cmimn ponions of .lrcrdl md m o l u  nklcle8). 
they are much 1-1 &MCW In 01mf Industnor m d  .pplkatlonr. 
Crhlr enlry denots. the ,.window f m  derlpn to prdvctoon" whlch would. for Inrtmce. ulow deslp- to 8 .min  IM umdul ion Imollcmlons of W e n  CMCOL 
Then Include the so8ls m a  nrnw prcducllon pmceun,  r -ell r the h111oty of mmufrtunng r rml l r  11- rt lh p ln t .  Such sompmruh. M n r l l n 8  
-Id dlow mudl m e  urmlnll.l Inlagratlon of C M .  CAM, nd c m n D u t e r U  mnqrml. 
A- 801ution In M m o r l n .  
m- Ilr.1 c o m r m l d  wulkationa 
m- 8olu11w wIMy md o r l l y  ndl.bla lngulrlng d n i r n d  curtun endnr r lng  lor e r h  g p l W i o n L  
1991.2000 
n 
l 
n 
pictun) or t h  s p . d  
198546 
l 
l 
l 
(the 1ln.n.s. uwl 
21331 and beyond 
wltn r h k h  t h  Im.0.I c n  
1987.90 
n 
n 
l 
l 
c l n t y  of Ih 
- Figure 17 presents this situation. 
On the manufacturing level mechanical integration is also 
critical. Transportation and storage systems are significant 
cost factors and they are, together with related interfaces, 
important performance factors, too. Bow the changes of the 
systems architecture tend to cause discontinuities in the cost- 
performance ratio. If a modular type system, which is easy to 
expand as system requirements change, will be commercially 
available, it might have a great impact on the systems level. 
How many systems are on based compact-type, standard 
architectures -- especially at the low cost end of applications - 
- which are difficult to change and to expand. This is a special 
risk factor of investments. 
5. COHCLUS I OHS 
The growth of flexible manufacturing systems applications 
has been quite rapid and it is estimated to have reached about 
500-600 applications by now. The simple estimate (the annual 
growth rate of 40% will continue) gives about 1800-2800 systems 
for the year 2000. 
Another way of estimation can be put forward as follows; it 
is based on the shares of CHC total investment of all machine 
tool investments and the share of CBC's implemented in systems 
(the figures are valid for the Western industrialized countries; 
there are a lot of differences between individual countries). 
CHC: Z of all machine tool 48 58 70 
investments (new + replacement) 
CBC implemented as a part of 50 70 00 
systems, X of all CBC investments 
Taking into account Tchijov et al. <1988b), the age 
di stribut ion of BC-machinery and the average replacement time, we 
can conclude that around 2005-2810 the strategic part and the 
main share of the production of manufacturing industries is 
produced by FIIS- or FNC-type systems. 
However, there are a lot of barriers to diffusion. 
- Technological barriers influence the basic performance and 
efficiency of a system and therefore they are also important 
economic factors defining the cost-performance ratio of 
systems. 
- Organizational barriers are related to training, work 
content, and task division of the user organization. They 
define the availability of systems and thus influence the 
life-cycle costs of the systems and can be a critical factor 
behind the profitability of the syste~s. 
l nvenment 
costs per 
machining unit (MU) 
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Compact systems communication and 
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Total investments (MSI 
Figure 17. Effect of decreasing software costs, standards and 
systems modularity, see also chapter 2.3 for 
explanation. 
- Hanagerial and design aspects define how the system are 
implemented and which goals are the driving forces of the 
design, and how technological aspects and social aspects are 
integrated during design. They solve a lot of economic 
problem -- or can create even new problem, if the impact 
assessment is not good enough. 
The technology analyses show that even the technological 
issues are not simple or straightforward. FMS-technologies, and 
even more so CIN-technologies, are not mature and there exist 
many alternative ways to go. 
The above figures correspond to quite a rapid growth rate. 
However, it is a precondition for the above growth that there 
will be a remarkable technological development and achievements 
in all the key areas of CIH technologies. This development has 
to have an impact on cost factors, efficiency and performance 
factors of different building blocks of CIH technologies. Both 
on the machine and system levels, electronics and information 
technologies will still be key technological elements of 
development. It is reasonable to expect that in the ten-year 
perspective flexible grippers, speed and accuracy of robots will 
no longer be obstacles to assembly systems. there will be 
software and cormnunication standards to help integrate basic 
building blocks, there will be modular systems control and 
interfacing systems, which make step by step development 
possible, relative software costs will decrease and the systems 
developmnt will be easier. All this trends mean a gradual 
improvement of the efficiency (performance) - cost ratio in terms 
of speed, capacity, accuracy, complexity and flexibility of 
systems. 
If these technological trends become reality to their full 
extent, new systems architectures wi 11 be realized, opening 
completely new possibilities to small and mediurscale 
industries. Therefore the growth of new applications will be 
even more rapid than illustrated above. 
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RESPOBSHS TO A SMALL DELPHI-STYLE QUESTIOWAIBH OB THE TECIWOLOCICAL TREHDS 
14 EXPERTS FROM 9 COUBTRIES 
9URST IOWA I RE 
1. The following tables from Chapter 4 present the OTA forecasts for hey 
technologies of CIX. Can you please add your personal estimates using 
the sam categories. 
Before 1987 
Hardwan: 
1. Systems which can automatically and 
reliably mmove a wide variety of metal 
............. chips produced in cutting'. 
80th hudwu8 nd w h m :  
2. Reliable, wldely applicable adaptive 
control to optimize speed of metal 
removal .............................. r l  
3. Tool wear senson applicable to wide 
range 01 cutting tools .................. A I 
4. Systems for measurement of parts of a 
variety of shapes and sizes while the 
............. parts are belng machined.. A 
Sofhrur: 
5. Controllen to accommodate ties to robots A I 0 2  
6. Model-based machining in which the 
machine tool operates substantially 
automatically based on data about 
metal processes and the part to be 
DIod~ced ............................. A 
2arl and beyond 
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0- I I ~ I  sanrmu gpl*.l*nr 
m- p ~ ( a  rrd .IYI rum48 1-dng d n M  ~ r l m  nplrrrlng lor e u h  P P I W h m L  
7. widely applicable b D  verification of NC 
programs using CAD-based simulations . . A I 
NC machine tools: projections for solution of 
key problems (OTA, 1984) and Delphi results of 
IIASA CIY-projects. 
2  0 3  
Before 1987 ( 1987-90 1 1991-2000 1 2001 and beyond 
Hardware: I I I 
Robotics: ~rojections for solution of key problems 
(OTA, 1984). 
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................ 3.Versatile touch sensors A l 
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6.Precise path planning, simulation and 
control with CAD ...................... A 
7.30 vlsion In structured environments 
which have been planned to simplify the 
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8.3D vlslon In unstructured complex 
envlmnments whlch have not been 
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envlmnments ......................... 
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3. Material!, handling ryrlems which can 
handle a nriety of parts In any sequence 
necessary ............................ A. 1 2 
Soffwm: 
4. Automatic diqnori!, of breakdowns 
in the FMS ............................ 
5. Standardization of software 
interface!, between computelized 
..................... devices in an FMS 
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that would allow full factory Integralion . . 
2. Standard mmmunicatlm systems 
(networks) ............................ A 
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1 . 2  
wide range of computerized devices 
in an integrated factory. ................ 
4. Data base management systems which 
could so& maintain and update all data 
in a factory ........................... 
5. Computerized factodes which could 
run on a day-today basls with only a 
few humans In management, design 
functions ............................. 
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CIM: projections for solution of key problems 
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with rapid generation of images' . . . . . . . .  1 2  
Both hardwarn and software: 
2. Lowcost, powerful microcomputer-based 
workstations forb 
a) electronics design ................ 0 1  
................ b) mechanical design A I 
3. Independent CAD workstations linked 
by netwok, with access lo super- 
computer for powerful analysis and 
............................ simulation 1 
So Hwam: 
4. Threedimensional solid modeling 
systems, resulting in:c 
a) more realistic images ............. A l I 
b) enhanced ability to connect with 
. . . . . . . . . . .  manufacturing equipment 1 
5. Comprehensive, powertul computeraided 
engineering systemsa for mechanics 
design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
6. Extensive designlmanufacturing 
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2. Vhat are your cost estimates 
a) Flexible, versatile grippers for robots 
below 5000 USS 1990 
below 1000 USS 1990 1995 
b) Versatile touch sensors for robots 
below 5000 USS 1990 rn 
below 1000 USS 1990 1995 
C) General-purpose 3D-vision for robots 
. . . . . . 
below 20 000 USS 1990 . 1995. 
. . . . . .  
below 10 000 USS 1990 1995 
majority 
second best estimate 
d) On-line part masure~ent system for tooling 
. . . . . .  
below 20 000 USS ,1990. 2000 2000- 
. . . . . .  
below 10 000 USS 1990 .1995. 
. . , . . .  
below 5 000 USS 1990 1995 ,2000. 
e) Generic fixtures for FIIS-systems 
below 20 000 USS 1990 2000 2000- 
below 10 000 USS 1990 1995 
below 5 000 US5 1990 1995 2000 
3. A mdular, standard-type and generic system for FlIS and factory 
automation control will be conmrcially available 
4. A modular standard-type and generic warehousing and transportation 
system will be available for FHS and factory level integration 
5. Estimate the relative importance of different technological factors in 
the development of factory automation. Rank the most important as "I", 
the second as "2", and so on. 
a) Software for control and integration 1.3 (max. 4, min. 1) 
b) Neasurements in tooling 3.8 (max. 7, min. 2) 
C) Nechanical engineering, like pallets, 
fixtures 3.5 (mx. 6, min. 2) 
d) Robot speed and accuracy 4.8 (max. 7, min. 1) 
e) Robot grippers 4.4 (max. 7, min. 2) 
f) Robot sensors 5.2 (max. 7, min. 4) 
g) Scheduling of transportation and 
warehousing 2.9 (max. 7, min. 1) 
Estimate the relative cost shares in 1995 of total investnents of FlIS 
Software for systems control (very much 
depending on the given applications) 16.8% (max. 25, min. 10) 
BC-sof tware 6.7% (max. 10, min. 3) 
Robot software 5.5% (max. 10, min. 4) 
Basic machinery 33.7% (max. 50, min. 20) 
Auxiliary devices, pallets, fixtures, 
tool changers 1: ' X  (max. 25. min. 5) 
Transportation and work piece handling 14.7% (max. 20, min. 10) 
Software for communication 7.0% (max. 15. min. 2) 
Others: specify (Planning, training, 
testing, quality control) 3.5% (max. 10, min. 0) 
1 99.9% (max. 165, min. 54) 
Free comments: 
Some Aspects of Reconfigurable Manufacturing Cells 
as Building Blocks of FMS 
G. L. Kovaca, P. Bertok, G. Haidegger, G. Csurgai 
(Computer and Automation Institute, Hungarian Academy of 
Sciences, Budapest, Hungary, 1111 Kende u. 13-17) 
Abstract 
-------- 
Cellular organization offers high flexibility in 
implementation and operation of manufacturing systems. The 
discrete part manufacturing has several special problems and 
demands, which can be solved by means of a special system 
development approach. A solution which meets the 
requirements is a more or less generalized cell control 
system to ensure that an FMS could be built up from 
different cells, having similar cell controllers. 
INTRODUCTTON 
As a flexible manufacturing system is a great investment and 
it has a great production value it is of crucial importance 
to use all its elements with high efficiency. 
Manufacturing cells have been proven to be the appropriate 
size building blocks to get sophisticated FMSs ( see [l] ) .  
Generally a manufacturing cell ia considered as a group of 
one or more machine-tools, robots, adjacent mechanical 
elements, tool and fixture supporting workstations and an 
internal transport system. The cell elements have their own 
local controllers (NC, CNC, PLC, etc.) and each cell has its 
separate controller. The cell controller functions are 
performed by a micro-, mini-, or supermini computer. 
A manufacturing system may consist of different types of 
cells, such as manufacturing, warehouse, transportation, 
cleaning, measuring and dispatcher cells, etc. Each cell may 
have the same type of cell control computer, and similar 
control software. The cell controllers can be connected via 
a local area network (recently mainly MAP is suggested, 
however still rarely used). 
THE ADVANTAGES OF CELLULAR ORGANIZATION 
The cell controllers have only local supervision and 
scheduling functions, i.e. their authority remains inside 
the cell. This provides some advantages, such as : 
- FMSs can be built up gradually from cells as all cells can 
work stand-alone as well. Only one or two cells must be 
installed at the beginning, and then the connection of 
additional ones can be done without threatening the work the 
rest of the system for longer time periods. 
- The cell elements have to be connected only to the cell 
controllers, s o  cabling costs and noise sensitivity will be 
reduced. 
- The data base can be distributed among cell controllers, 
and a flexible data structure can be provided for the whole 
FMS . 
- New LANs and computer systems with distributed 
intelligence support the cellular construction even in harsh 
industrial environment. 
- Dinamically reconfigurable cells improve the performance 
by better organization of the available equipment and by 
optimally sharing the resources. 
Flexibility of manufacturing systems means the necessity of 
relatively fast reactions (reconfiguration) of the systems. 
In our concept this flexibility can be achieved by using 
easily reconfigurable cells as building blocks of an FMS. 
System reconfiguration may be necessary in several 
situations, such as : 
- A better adaptation to changing workload can be achieved 
during normal operation. This is done by the rearrangement 
of system elements, eventually by changing some of the 
cell element-cell control assignments. 
- In the case of component break-downs the system has to 
operate excluding the defective element, and a minimum 
production loss is required. 
- When new elements are introduced into the system, or old 
ones are removed. 
FMS DESIGN - CELL DESIGN 
A cell control system ( FLEXCELL ) was developed to be used 
in implementing and running manufacturing systems. It is 
believed that the given system has advantages from the 
designer's point of view as well. Design means the design of 
all cells which will work together to meet the requirements 
of the planned flexible manufacturing system. 
When an FMS is designed, the first step is to choose the 
appropriate cell configurations containig the necessary 
manufacturing, transfer and other units. Based on the parts 
to be produced by the system, knowing all the technological 
plans and all the available equipment it is possible to 
configure the cells and the whole FMS. Because of the 
complexity of the task we restrict our first investigations 
to cell-size, 'small' FMS, i.e. we deal only with cell 
design problems, however it is never forgotten that the set 
of cells will work in an FMS. 
Cell design has two separable, but not independent tasks, 
the cell configuration (hardware) and the cell control 
software design. 
Our recent cell control software structure fulfils the 
following main requirements : 
- In order to ensure the generality the main tasks were 
implemented independently of the specific features of the 
machines, processes and hardware-software resources. 
- The control software runs on an enhanced professional 
personal computer and it is easily adaptable to other 
computers. The enhancement is achieved by adding an 
intelligent slave-processor module to ensure the necessary 
real-time, high prformance communication with the external 
world. 
- The cells are easily reconfigurable, and the cell 
controllers meet the requirement of system level 
reconfiguration as well. 
The software design of FLEXCELL was based on our SATT 
(System Analysis Technique and Technology) method, namely 
the decomposition to separated modules with exactly 
specified logical interfaces and with the definition of 
functional levels. 
FUNCTIONS O F  THE ( FLEXCELL 1 CELL CONTROLLER 
There are three functional levels (computer level, cell 
operation level and control b supervision functions) with 
the following main modules : 
- operator interface 
- communication 
- data handling 
- event logging 
- task supervision 
- configuration 
- job coordination 
- scheduling 
- control of normal operation (command) 
- test/diagnostics 
- other cell specific functions 
Functional modules of the cell control software 
............................................... 
The functional modules of the cell control software can be 
separated into two large groups : 
- Basic routines and programs which serve only as 
computational background : 
* The operational system PC-DOS 3.0 with its utilities 
* Programs to provide multitask services (starting 
sequence and priorities of the tasks can be changed, 
and there is a direct data transfer between tasks) 
* Data base management and library management 
* Communication routines (via interfaces) 
* Screen management and graphics, etc. 
- Programs to control the cell functions, based on the 
elements of the previous group. The programs of this group 
are more interesting from the user's point of view, thus 
some details of some of them will be given. 
It is common, that the main functional blocks are working 
as separate tasks within the system. Tasks are activated 
by means of predefined events, taking into consideration 
the connections between these events and the internal 
status of the cell. 
a. Product ion scheduling 
Scheduling means an appropriate assignmemnt of the 
activities which are in connection with distribution of 
production tasks among cell elements, taking into 
consideration the requirements of the 'external world'. 
(Crireria of the distribution may be the maximal load of 
machines, the minimal costs, minimal time delays, etc.) 
If a break-down of any cell element occurs, a new 
distribution can be initiated without the assistance of the 
external world, without human intervention. 
This helps in running a partly unattended operation, what is 
the ultimate goal o f  all production automation efforts. 
The reconfiguration of the cell may be necessary in 
different cases, as it was mentioned earlier. The cell 
control software gives the necessary means to solve the task 
fast and effectively. 
b. Working according to the task-list 
The synchronouos operation of all cell elements is supported 
by the controller software, as the main task. 
Information-flow between separate units is solved, together 
with on-line workpiece-, tool- and fixture management: 
- Workpiece management : The cell controller takes care of 
all workpieces, to work on them with arbitrary sequence. 
It gives information on capacities, takes care of the 
transfers and deliveries of products of all production 
status and environment. 
- Tool-management : Tools and tool-data are checked 
continuously, and automatic tool exchange, tool demand 
forecast, etc. can be achieved. 
- Technological information management : Working sequences 
(e.g. NC programs) belonging to each workpiece ensures the 
fulfilment of the technological tasks of a cell. If any of 
the necessary information is not present the cell 
controller gives an indication, and the missing data can 
be found or delivered prior to the beginning of 
production. 
The cell controller takes the workpieces along all working 
phases within the cell as it is defined in the task-list. 
The transport tasks within the cell should be solved by the 
cell controller, even if problems occur, when a re- 
scheduling of transport requirements and a reassignment of 
means and tools are necessary. 
Workpieces, tools and other objects necessary to the actual 
machining process are transported between the machine tools 
on the basis of technological plans. This is done by robots 
in most cases. If synchronization problems occur, puffer 
stores are defined automatically to ensure the continuous 
load of the machine-tools. 
The technological information, which are necessary to run 
the machines are distributed as required. Overload is 
automatically resolved. There is a book-keeping of finished 
tasks and the cell controller may request new tasks from its 
environment to keep uniform load of the machines. 
All information are stored on data files and can be reached 
and modified by the operator and by a higher level 
information system. This way several versions o f  part- 
programs can be put into libraries. 
The operator is informed about all events of operation 
including failures, and he can send data and decisions to 
the controller. Both directions of information-f low is 
organized via an appropriate man-machine interface. 
Production data of the cell elements are important 
for the higher level management to be informed about the 
instant and statistical situation of the production. 
Measurement, collection and a pre-evaluation of production 
data can be done as the user wants. This can be important 
for the management to make decisions on special requests. 
c. Diagnostics 
Diagnostics is necessary when something is different from 
normal working behaviour of the system. Recently only those 
events can be evaluated, to which reaction strategies are 
known and predefined by the software. In this case certain 
signals arriving from the cell elements can initiate the 
necessary intervention of the controller. 
Depending on the diagnostics information the cell controller 
may exclude defective elements from the cell model ensuring 
that all other elements continue normal, eventually 
reconfigured activity. 
If the reasons of the break-down are known than the 
controller can suggest the service people what to do and how 
to do it. 
The scope of events to be a subject of diagnostics should be 
defined for each cell individually by the user, and the 
eventual reactions should be defined, too. This is the main 
reason why the diagnostics programs are separated from the 
other parts of the system software. 
d. Emergency situations 
Emergency situation means when further activities may cause 
serious damages, e.g. cutting with a broken tool. 
The control software initiates an activity to prevent 
damages, in most cases by stopping ( 'freezing' ) the 
defective element. These parts of the software are cell- 
dependent, and the user has to define his needs. To help him 
there is a frame system to handle the emergency situations, 
which should be given the special demands. 
e. Diary 
The diary of the cell contains all events of a cell 
including the identifiers of elements and exact dates. There 
are two levels o f  diaries in our cell concept : user level 
and cell software level. This latter one cannot be reached 
directly by the user, as the data of the cell software level 
diary are used internally, as e.g. as inputs of diagnostics, 
etc. 
f. Cell configuration (set-up) 
There are two kinds of configurations: 
- basic configuration 
- reconf iguration 
Basic configuration means, that the appropriate data should 
be put into the state tables to define the cell. Even in the 
case of a working cell some further data may be inputted by 
the operator, however this may be automatically forbidden or 
changed by the diagnostics programs. 
Reconfiguration takes place if something goes wrong in the 
cell operation, or when the diagnostics or emergency modules 
suggest modifications. 
DESIGN OF CELL CONFIGURATION ( and reconfiguration ) 
The cell cofiguration design has two separate steps, which 
can be done by iterations : The first is to get a pre- or 
basic configuration, which is an 'average' o f  several 
possible configurations, and the second is reconfiguration 
from this average according to the actual production (or 
other) task. To process the complex basic configuration task 
a good database of all parts, materials, technologies, 
available machines, robots, controllers, etc. is necessary 
together with a deep expertise of engineers (and 
economists). This expertise (or knowledge) can b e  
transformed into a dedicated expert computer system. 
Our planned expert system will be a hybrid one, as it will 
contain an embedded simulation program to model the 
operation sequences of all building blocks and of the whole 
cell. An optimal configuration will be chosen using the 
simulation results as well. 
The cell reconfiguration demands arise from the production 
needs in the case o f  having only one cell, and from the 
reconfiguration demands of the whole FMS consisting of two 
or more cells. The process of reconfiguration of the machine 
side (hardware) is given above. 
The software reconfiguration will be assisted based on the 
same hybrid expert system, only the data-base including 
design-rules, strategies, heuristics, etc. should be 
rewritten to have all the necessary knowledge. Thus the 
procedure will be based on the following: 
The implementation o f  a general ('average') cell controller 
can be done by taking the above given modules, modifying 
some of them, and collecting the necessary operational set 
of them. 
This procedure includes a rather small or no modification o f  
the basic software (computer level), as the software 
elements of this level are the same in almost all 
applications. They depend on the type o f  the control 
computer, on the hardware configuration and on the operating 
system. 
The modules of the control and supervision level are the 
most cell-specific ones, therefore they have to be modified 
when the general cell control software is adopted 
(configured) to an actual environment. The complexity of the 
command, scheduling or diagnostics module can be quite 
different in the case of e.g. a manufacturing cell and a 
warehouse cell. Some modules can be omitted in certain 
applications. 
The modifications o f  the middle level (cell operation) 
modules depend on the cell requirements and on the local 
controllers. 
Naturally the first version of our expert svstem will not 
perform the necessary coding to modify the software modules, 
as it will give advice only on what to do, and not on how to 
do. 
CONCLUSION 
The first applications of PEXCELL will be in a pilot plant 
at the Technical University, Budapest, where a CIM system 
is under implementation consisting of different cells : 
- CAD cell 
- preparatory cell 
- sheet-metal cell 
- forging cell 
- welding and assembly cell 
- AGV and storage cell 
- manufacturing cell (milling machine, lathe, robot, etc.) 
This last one is already working in an experimental setup. 
This plant, which will work as a kind of FMS will give us 
experiences on the real advantages and possible weak points 
of our cell concept, and about its realization, the FLEXCELL 
system. 
Further applications are forseen in machine-tool factories 
and in the vehicle industry, etc. 
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SOFTWARE PRODUCTION FOR CIH - AN APPROACH TO STRATEGY ELABORATION 
Prepared f o r  IIASA Workshop on Technological Fac to rs  i n  
t h e  D i f f u s i o n  o f  CIH (Prague, May 24 - 27, 1988) 
by Mathiaa Weber and Heike B e l i t r ,  
Academy o f  Sciences o f  t h e  GDR, I n s t i t u t e  f o r  Theory, 
H i s t o r y  and Organizat ion o f  Science, B e r l i n  
"Software i 6 t h e  hear t ,  mind and soul  of 
any system." (H. Simon) 
"Those who w i l l  be ab le  t o  conquer s o f t -  
ware w i l l  be ab le  t o  conquer t h e  world." 
(T .  Sekimoto) 
1. INTRODUCTION 
Sof twarm mnginmmring i s  a h i g h  technology t h a t  proved c r i t i c a l  
f o r  t h e  devolopment o f  modern p roduc t i ve  forces. Uncontradicted- 
l y ,  t h i s  app l i es  t o  computmr-intmgratmd manufacturing (CIM), t o o  
(ECE, 1987; Kochan, 1986; Ranta, 1988). The broad ewperience t h o  
GDR has been accumulating i n  f l e x i b l e  automation s ince  t h e  e a r l y  
70s ( f o r  a comprehensivm view on t h i s  auperiencm eme Haustein, 
1987)' as we l l  as f i r s t  s teps i n  developing and i n t r oduc ing  C I M -  
systmms conf i r m  thm ro lm  o f  software engineer ing as a major 
l i m i t i n g  f a c t o r  f o r  a more r a p i d  d i f f u s i o n  o f  these innova t ions  
(sem Petermann a t  a1 . , 1986). Theref ore, t h e  softwarm bott lenmck 
and a1 1 suggest i ons  f o r  a1 1 ev i  a t i n g  i t  deserve spec ia l  a t t e n t i  on 
i n  research aiming a t  s t r a tegy  e l abo ra t i on  f o r  CIM systems. 
Thm . p r o j e c t  YS~f twarm Stratmgims f o r  elm" (SOFTCIM) was i n i -  
t i a t e d  a t  thm I n s t i t u t e  f o r  Theory, H i s t o r y  and Organizat ion of  
Science (ITHOS) t o  adress t h i s  perceived research ,problem. (For 
recent  r e s u l t s  o f  t h i s  p r o j e c t  see Weber m t  al., ,1987, Weber et .  
a1 . , 1988, and Weber and Be1 i t z  , 1989. ) 
Th is  paper 
- rev iews research a t  ITHOS on s t ra tegy  e l abo ra t i on  i n  t h e  f i e l - d  
o f  sof tware devmlopment f o r  C I M  t o  se t  a s t a r t i n g  p o i n t  f o r  
- discuss ing approaches t o  and problems i n  t h e  socio-economic 
mval u a t  i on o f  sof twar l i nnovat i ons, 
- i n t r oduc ing  t he  concmpt o f  a s imu la t i on  model f o r  a i d i n g  s t r a -  
tegy e l abo ra t i on  and 
- p o i n t i n g  out  d i r e c t i o n s  f o r  f u r t h e r  i nves t i ga t i ons .  
The objmctivm o f  our p r o j e c t  SOFTCIM i s  t o  develop a generic 
methodol ogy f o r  s t r a tegy  e l  aborat i on and compr i se5 
- t h e  ana l ys i s  and syn thes is  o f  socio-mconomic mmchanisms fo r  
promoting sof tware engineer ing a5 w e l l  as 
- t h e  p r o v i s i o n  o f  easy-to-use t o o l s  ( i n c l u d i n g  modeling) t o  
support  t h e  design o f  a l t e r n a t i v e  ac t i ons  both f o r  en te rp r i ses  
and t h e  na t i ona l  economy as a whole. 
Considerable e f f o r t  i s  being devoted t o  analyses and evalua- 
t i o n s  o f  sof tware innova t ions  and sof tware s t r a t e g i e s  pursued by 
lead ing  corpora t ions  and i n t e r n a t i o n a l  communities (F igure  1). 
I n  a broader sense, we conceive t h e  socio-mconomic eva lua t ion  
o f  sof tware technolog ies ( innovat ions)  as a mu l t i f ace ted  process 
o f  
- acqu i r i ng  knowledge p e r t a i n i n g  t o  t h e  complex web o f  socio- 
economic cond i t i ons  f o r  innova t ions  t o  evolve and o f  t h e i r  
imp l i ca t ions ,  
- shaping (designing) these condi t ions.  
Sec t ion  2 prov ides  a b r imf  overview of  our s imu la t i on  ap- 
proach. Sect ion 3 dea ls  w i t h  economic eva lua t ion  o f  software 
techno1 ogi  es ( innova t ions)  as a cornerstonm f o r  s t r a tegy  e l  abora- 
t i o n  i n  our context.  Sec t ion  4 add6 t h e  s o c i a l  dimension f o r  
evaluat ion. The paper r evea l s  quest i?ns no t  solved yet. 
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2. CONCEPT FOR A SIMULATION APPROACH (SOFTSIH) 'TO STRATEOY ELABO- 
RAT I ON 
2-1. MODEL STRUCTURE 
Th i s  sec t i on  descr ibes b r i e f  1 y t h e  concept of a mimul a t i o n  
model c a l l e d  SOFTSIH t h a t  i s  be ing developed f o r  suppor t ing  t h e  
e l abo ra t i on  o f  sof tware s t r a t e g i e s  i n  t h e  f i e l d  of  CIM. SDFTSIM 
i s  conceived f o r  examining t h e  behaviour of sof tware supp l i e r s  
under d i f f e r e n t  scenarios. Our research i s  focused on t h e  f 01 low- 
i ng quest i ons: 
- With respect  t o  bo th  q u a l i t y  and quan t i t y ,  which p o t e n t i a l  f o r  
moftuare engineer ing i m  requ i red  i n  a coun t ry  l i k e  t h e  GDA t o  
keep up w i t h  t h e  s t a t e  o f  t h e  a r t  i n  f l e x i b l e  automation and 
CIM 3 
- How can t h e  gap between r a p i d l y  i nc reas ing  demand f o r  C I M -  
sof tware and supply been reduced w h i t h i n  a reasonable pe r i od  
o f  t ime, and how should we manage mof t w a r r  innovat ionm t o  meet 
t h i s  cha l lenge 3 
The s t r c ~ c t u r e  o f  our s imu la t i on  model SOFTSIM as we l l  as major 
f unc t i ons  o f  i t s  b u i l d i n g  b locks  a re  i l l u s t r a t e d  i n  F igures  2 and 
7. 
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F igu re  3: Blocks i n  t h e  model SOFTSIH and t h e i r  f unc t i ons  
2.2. OBJECTS IN  MODEL SOFTSIM 
Three c l  asses o f  ob jec ts  are represented i n  our model fo r  
s imulat ing CIH software devmlopmmnta 
* U n i t r  - enterpr ises supplying and/- e x p l o i t i n g  CIM components/ 
syrtems, 
P r o j e c t r  - CIM software components and t h e i r  assemblages, 
* Technologies - software technologier ava i lab le  i n  u n i t s  t o  
devel op, implement and t o  maintain pro jects. 
Unitr 
I n  our context, we def i n e  u n i t s  as enterpr ises t h a t  develop, 
i n s t a l l ,  maintain, expand and/or e x p l o i t  pro jects.  Machine t o o l  
suppl ie rs ,  R&D corporations, hardware and sof tware vendors as 
wel l  as enterpr ises i n  other i n d u s t r i a l  branches running p ro jec ts  
count among t h i s  set. 
Recently, s c i e n t i s t s  a t  t h e  Un ivers i ty  o f  Michigan suggested a 
new ~oncep tua l  f rammwk for in tegrated manufacturing systems 
cont ro l  software (Naylor and Volz, 1987). This framework i s  a lso  
su i ted  am a metaphorical base f o r  SOFTSIM. Naylor and Volz view 
an integrated manufacturing system as an assemblage o f  generic 
sof tware/hardware components which represent a general i zat i on of 
t h e  software component concept. Some o f  t h e  key concepts i n  
N a y l w ' s  and Volz'  framework are re levant  t o  SOFTSIM as wel l ;  
- With recu rs i ve l y  def ined extmded ro f tware  components, p lug  
compatable sof twarr  can become a r e a l i t y  al lowing d l  f ferent  
suppl iers of manufacturing equipment t o  b i d  f o r  contracts. 
- Generic components can be considered as a fu r the r  e laborat ion 
o f  software reuse and conf irm our idea o f  a stock of reusable 
projects. 
Thi s component concept j us t  i f i es f ocursi  ng our model i ng ef - 
f o r t s  on sof twarr  production. 
Un i t s  have a software po ten t ia l  ( re fer red t o  as p o t e n t i a l )  a t  
t h e i r  disposal cons is t ing  of sof tware personnel and t o o l  s for  
sof tware development. The t o o l  e comprise hardware and eof tware 
t o o l s  incorporat ing software innovations. This potent i  a1 can be 
enlarged both  by extensive and in tens ive  methods. En1 arging the  
po ten t ia l  by extensive methods impl ies increasing the number of 
t he  software personnel. For t h i s  purpoPe uni  t s  i n  our model are 
required t o  t rans fer  c e r t a i n  payments t o  t h e  government i n  order 
t o  take i n t o  considerat ion t h e  shortage of q u a l i f i e d  software 
engineers. Furthermore, a u n i t  can engage Uunemployed" sof tware 
persoonel o f  other enterprises. To re1  y on i n tens i ve  methodr f o r  
enlarg ing t h e  p o t e n t i a l  means inves t ing  i n  software t o o l s  and 
  oft ware development environments. We assume t h a t  t h e  a v a i l a b i l i -  
t y  of advanced so+ tware t o o l s  and sof tware development envi ron  - 
ments, i n  other words, t h e  change-over t o  higher l eve l  s  of tech- 
nology, leads t o  a considerable increase i n  software p roduc t i v i t y  
a t  leas t  i n  t h e  next decade. 
I n  our model u n i t r  compete for  cont rac ts  asp i r ing  a t  maximum 
p r o f i t s .  According t o  regu la t ions  e x i s t i n g  i n  the  GDR, p r o f i t s  
f o r  software product. a re  calculated as a c e r t a i n  percentage of 
costs. This p rac t i ce  does not correspond t o  t h e  requirements of 
sof twarr  engineering. F a  t h i s  reason, we sha l l  implement ideas 
i n  SOFTSIM s t a r t i n g  from the  market po ten t ia l  o f  a given software 
product (see Haustein i n  Weber a t  al., 1987). It w i  11 be necessa- 
r y  t o  elaborate these ideas i n  more de ta i l .  
Our s imulat ion approach takes an exploratory v i m .  Most deci-  
sions on economic a c t i v i t i e s  are delegated t o  the  un i ts .  A poste- 
r i o r i ,  s imulat ioo data are analysed and compared w i t h  given 
object ives. I f  necessary, s imulat ion w i l l  be repeated under d i f -  
f  erent circumstances by ad jus t ing  con t ro l  var iab les  (see Figure 
4 ) .  This exploratory approach renders posei b l  e t h e  evaluat ion of 
s t rategies.  
Economic a c t i v i t i e s  of  a  u n i t  U. can be described using th ree  
groups of  v a r i  abl es: Resources, resu l t s ,  and p r o j e c t s  (see Figure 
5 ) .  
For every t ime period, t h e  economic a c t i v i t i e s  o f  a  given u n i t  
U. are modeled i n  two mtepet 
St-. I - Find an adairsable a l l o c a t i o n  o f  contractm. S t a r t i n g  
w i t h  the  values o f  t he  parameters i n  t h e  bepinning " of  
t h e  t ime per iod  an admissable a l l o c a t i o n  of  a l l  newly 
generated projmcts must be computed. 
S t rp  2 - Improvement o f  t h e  so lu t i on  def ined a t  step 1. The 
i n i t i a l  a l l o c a t i o n  of  cont rac ts  f o r  p r o j e c t s  i s  being 
improved u n t i l  an asp i ra t i on  l e v e l  o f  prof  i t s  f o r  t he  
whole community of  u n i t s  i s  reachmd. 
Thus, a l l  parameters can be ca lcu la ted  f o r  t h e  end of  t h e  
given t ime period. 
Pro jec ts  
By p r o j e c t s  we mean so+ twar r  components or  assemblapes of  such 
components (eof tware systems) tha t  are devel oped w i t h i n  a c e r t a i n  
number of  t ime per iods  and implemented afterwards f o r  so lv ing  
given manufacturing tasks of a  u n i t  U. A pro jec t  i s  def ined by 
i t s  techn ica l  purpose. From t h i s  purpose, a  system or  p ro jec t  
conf i g u r a t i  on w i t h  c e r t a i n  sof tware/hardware components can be 
derived. For t h e  sake of s i m p l i c i t y ,  our s imulat ion approach 
l i m i t s  t h r  number o f  p r o j r c t  classes. For a  comprehensive view on 
software f o r  i n d u s t r i a l  automation see a  recent ECE study (ECE, 
1987). 
It i s  we l l  known t h a t  C I M  systems are being developed step by 
step. Pro jec ts  i n  our model can pass through (as a  maximum) th ree  
stages. With a  c e r t a i n  p r o b a b i l i t y  an e x i s t i n g  p ro jec t  can reach 
a higher degree o f  complexity. 
The nat iona l  economy as a  whole maintains a  stock o f  reusable 
pro jects.  Every newly developed p ro jec t  i s  character ized by a 
c e r t a i n  deprer of  s i m i l a r i t y  w i th  a t  l eas t  one o f  t he  p r o j e c t s  i n  
t h e  stock. This degree o f  s i m i l a r i t y  i s  considered as a  major 
input  f o r  a  decis ion concerning p ro jec t  reuse. F i n a l l y ,  t h e  idea 
of  t h i s  stock leads t o  t h e  generic software component concept 
introduced by Naylor and Volz (1987). Running p r o j e c t s  r e q u i r e  
sof tware maintenance over t h e i r  whole l i f e  cycle, reducing t h i s  
way t h r  opt ions f o r  i n i t i a t i n g  new pro jects.  
We use four groups o f  var iab les  t o  model p r o j e c t s  ( r e l a t i o n s  
between pro jects,  r e l a t i o n s  between p r o j e c t s  and u n i t s ,  technical  
and economic parameters, and 1  i f  e-cycl e  parrmetermj see Figure 
6 ) .  ' 
U n i t s  having a  need for p r o j e c t s  o f f e r  cont rac ts  t o  t h e  other 
u n i t s  and, on the  other hand , b i d  f o r  cont rac ts  according t o  
t h e i r  spec ia l i za t ion .  A p r o j e c t  i n  awarded t o  a  u n i t  provided 
t h a t  
- t h e  requ i red  number of  eof tware personnel i s  "unemployed" a t  
t h e  moment o r  can be made avai lab le,  
- t he  u n i t  has t h e  bent condi t ions among a11 competi tors and 
works a t  lowrs t  costs. 
Figure 41 Simulation model SWTSIH - CIlgwithm 
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Figure 5: Variables f o r  describing o p e r a t i o n ~  a t  u n i t  U. 
Vari  abl  I n t e r p r r t a t i o n  
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Pa, Project ,  i n  which P, takes i t s  roots. 
P.,t,, Intermediate p ro jec t  w i th  a  complexity higher than Pa,. 
and lower than P,. 
P, ,+ Pro jec t  i n  t h e  stock of reusable p ro jec ts  resembling P,. 
................................................................. 
U.,., Un i t  t h a t  has i n i t i a t e d  t h e  pro jec t .  
Ur,,a Un i t  t h a t  has been awarded the  contract  f o r  p ro jec t  P,. 
................................................................. 
CL , Class of p ro jec ts  P, belongs to. Ry de f in ing  CL, a l l  
major sof tnare/hardwarr componrnts o f  P, are determi ned. 
DN A Degree of novel t y  . 
CE 3 Cost estimate. Using CL, and P,,, a cost est imate CE, 
f o r  developing t h e  required sof tware components can be 
derived. 
t A Time per iod  i n  which contracts f o r  P, have been offered. 
t., F i r s t  year o f  t h e  operat ion o f  P,. 
t,=,- Number o f  t ime periods PA w i  11 remain i n  the  stock ,, of 
reusable pro jects.  
t,~ Time per iod  i n  which P, was or w i l l  be stopped. 
................................................................. 
Figure 6: . var iab les  fo r  descr ib ing p ro jec t  P, 
-206- 
2.3. CONTROL VARIABLES IN SOFTSIN AND SCENARIOS 
Sof t w a r c  d r v e l  opment f o r  CIM sys temo is model e d  i n  SOFTSIM 
u s i n g  t h e  f  01 1  owing c o n t r o l  parameters :  
- s o f t w a r e  p o t e n t i a l  ( e n i r t i n g  p o t e n t i a l  and methods f o r  e n l a r -  
g i n g  i t ) ,  
- s p e c i a l i z a t i o n  of  u n i t e  ( s p e c i a l i z a t i o n  means d i f f e r e n t i a t i o n  
of c o s t s  f o r  deve lop ing  p r o j e c t s ) ,  
- p a c r  of advances  i n  s o f t w a r e  t echno logy  ( d e t e r m i n e s  c o s t s  f o r  
r e u s i n g  p r o j e c t s )  , 
- v a r i e t y  of demand (number of p r o j e c t  c l a s s e s )  , 
- dynamics of demand (number of c o n t r a c t s  f o r  p r o j e c t s  from 
d i f f e r e n t  p r o j e c t  c l a r o e s  t h a t  occu r  w i t h i n  a  g i v e n  p e r i o d  of 
time). 
Having implemented t h e  approach wt 1  i n e d  above  w e  i n t e n d  t o  
s t u d y  s c e n a r i o s  t h a t  d e s e r v e  c o n s i d e r a b l  e i n t e r e s t  f o r  a c o u n t r y  
l i k e  t h e  GDR, among them t h e  fo l lowing :  
- "Small i r  b e a u t i f u l n  (development of  many s m a l l - s c a l e  CIM 
e y ~ t e m s )  ,
- " B i g a n t o r a n i a n  (development of few b u t  complex CIN s y s t e m s ) ,  
- " I n t e n r i f i c a t i o n n  ( e n l a r g i n g  s o f t w a r e  p o t e n t i a l  by i n t e n s i v e  
methodo; ori e n t a t i o n  towards  sof  t w a r e  i n n o v a t i o n e )  , 
- l gRwsen  ( r e u s i n g  s t a n d a r d i z e d  s o +  t w a r e  components is g i v e n  
p r e f e r e n c e )  . 
T h i s  s i m u l a t i o n  concep t  is be ing  e l a b o r a t e d  i n  c l o s e  coopera-  
t i o n  bo th  w i t h  a l a r g e  machine t o o l  s u p p l i e r  and t h e  S t a t e  Com- 
mittee f o r  P l ann ing  and w i l l  b e  implemented on . p e r s o n a l  compu- 
ters. In  most c a s e s ,  c o n s u l t i n g  e x p e r t s  is t h e  o n l y  way t o  o b t a i n  
r e q u i r e d  in fo rma t ion .  
3. ECONOMIC EVALUATION OF SOFTWARE INNOVATIONS (TECHNOLOOIES) 
3.1. PREMISES FOR EVALLIATION 
I n  t h e  f o l l o w i n g ,  c o n s i d e r a t i o n s  w i l l  b e  made on t h e  meaeure- 
ment and  e v a l u a t i  on o f  s o f  t w a r e  t e c h n o l  o g i  es ( s o f t w a r e  i nnova- 
t i o n s )  t h a t  make m o r e  t r a n s p a r e n t  t h e  b l a c k  bon " S o f t w a r e  
TECHNOLOBY" ( see F i  gu r  e 2) . 
From t h e  i n i t i a l  t h e s i s  f o r  t h e  deve lopment  of  t h e  model 
c o n c e p t  SOFTSIH, a c c o r d i n g  t o  which a n  improved equipment  of 
s o f t w a r e  e n g i n e e r s  w i t h  tools l e a d s  t o  a f undamen ta l  improvement 
of ?of t w a r e  q u a l i t y  a s  w e l l  as t o  a r e m a r k a b l e  r e d u c t i o n  of 
s o f twa rm costs ( o v e r  t h e  whole  l i f e  c y c l e )  t h e  f  o l l o w i n g  ques-  
t i o n s  c a n  b r  d e r i v e d ,  
- Which equipment  of s o f t w a r e  e n g i n e e r s  w i t h  tools is u s e f u l  f r om 
a n  economic p o i n t  of v i  en? What s t r ' a t e g i r s  must b e  a p p l  i ed f o r  
t h e  equipment  of s o f  t w a r e  e n g i n e e r s  w i t h  tools  and  deve lopment  
e n v i  ronment  s? 
- What a n  i n c r e a s e  i n  t h e  p r o d u c t i v i t y  of s o f t w a r e  deve lopment  is 
n e c e s s a r y  and  p o s s i b l e ?  How much i n f l u e n c e  d o  s o f t w a r e  innova-  
t i o n s  h a v e  on s o f t w a r e  p r o d u c t i v i t y  and how c a n  s o f t w a r e  inno-  
v a t i  o n s  b e  e v a l u a t e d  i n  s oc ioeconomic  t e r m s ?  
- What q u a l i t i e s  must too ls  have  i n  o r d e r  t o  e f f e c t i v e l y  s o l v e  
c e r t a i n  p rob l ems  of s o f t w a r e  p r o d u c t i o n ?  
T r y i n g  t o  answer some of t h e s e  q u e s t i o n s  w e  p r oceed  f rom t h e  
f  01 1 owing premi s e m .  
(1  ) E v a l u a t i o n  and  soc ioec onomic  mechanisms 
The e v a l u a t i o n  of s o f  t w a r e  t e c h n o l  o g i e s  and so+ t w a r e  innova-  
ti o n e  i o i n t e g r a t r d  i n t o  t h e  roci oeconomic d e v e l  opment mechani s m s  
a s  a  who le  (see F i g u r e  1 1 ,  which c h a r a c t e r i z e  t h e  deve lopment  and 
f o r m a t i o n  of t h e  s o f t w a r e  i n d u s t r y  (see Weber and B e l i t z ,  1989). 
Tha t  is  why o n e  c a n n o t  o n l y  a s k  f o r  t h e  e s s e n c e ,  t h e  c r i t e r i a  and 
methods  of e v a l u a t i o n ;  t h e  e v a l u a t i o n  p r ob l em i n  t h e  f o r m a t i o n  of 
s t r a t e g i e s  i n  a  b r o a d e r  s e n s e  is t h e  mechanisms ( r e 1  a t i o n s h i  p s  
of p r o d u c t i o n )  t h a t  a n t i c i p a t e  t h e  e s s e n c e ,  c r i t e r i a  and  methods  
and  i n f l u e n c e  t h e  e s s e n c e  of t h e  o b j e c t  of e v a l u a t i o n .  
(2) O b j e c t s  o f  e v a l u a t i o n  
S o f t w a r e  tools  s u p p o r t  c e r t a i n  methods  of e o f t w a r e  p r o d u c t i o n  
t h a t ,  on  t h e  o t h e r  hand ,  a r e  d e r i v e d  f rom s o f t w a r e  pa r ad igms  ( m e -  
t h o d o l  o g i e s ,  programming c o n c e p t s )  : 
Method01 ogy ----- > Methods ----- > S o f t w a r e  t o o l s .  
Sof twarm t e c h n o 1  ogy is d e a l  i n g  w i t h  a1 1 t h r e e  1  eve1  s men- 
t i o n e d .  T h a t  is why t h e  e v a l u a t i o n  of s o f t w a r r  t e c h n o l o g i e s  is 
d i  v i d i n g  i n t o  t h e  e v a l u a t i o n  of m e t h o d o l o g i e s  ( s o f  t w a r e  p a r a -  
d i g m s ) ,  methods  and  s o f t w a r e  tools. The e v a l u a t i o n  of s o f t w a r e  
tools  h a s  t o  t a k e  i n t o  c o n s i d e r a t i o n  t h a t  tools  are embedded i n  
methods  and  so f  t w a r e  parad igms .  
(3) S o f t w a r e  q u a l i t y  v e r s u s  s o f t w a r e  p r o d u c t i v i t y ?  
N e w  t e c h n o l o g i e s  and  i n t e r n a t i o n a l  c o m p e t i t i o n  c a l l  f o r  deve-  
l o p i n g  h i g h - q u a l i t y  s o f t w a r e  w i t h  a  minimum of e f f o r t .  T h i s  
r e q u i r e s  t h e  q u a l i t y  o f  t h e  s o f t w a r e  p r o c e s s e s  t o  b e  i n c r e a s e d  
s u b s t a n t i a l l y  r e l y i n g  on  i n n o v a t i o n s .  
(4 )  S t r a t e g i c  a r c h i  t u t i n g  o f  s o f t w a r e  d w e l  o p m m t  env i r onmen , t s  
Modern s o f t w a r e  deve lopment  e n v i r o n m e n t s  f o r  a  l a r g e  s o f t w a r e  
s u p p l i e r  h a v e  t o  b e  b u i l t  s t e p  by o t e p  h a v i n g  a n  u n d e r l y i n g  stra- 
t e g i c  c o n c e p t  and must  b e  t a i l o r e d  t o  t h e  s p e c i f i c  c i r c u m s t a n c e s .  
Economic p a r a m e t e r s  d o  n o t  r e f  l r c t  t h e  e x i s t e n c e  o f  s u c h  a n  
advanced  and p r o m i s i n g  c o n c e p t  i n d i c a t i n g ,  t h u n ,  l i m i t s  t o  quan- 
-208-  
t i t a t i v m  approaches as, f o r  example, SOFTSIH. 
The need f o r  s t r a t e g i c  a r c h i t e c t i n g  sof tware development env i -  
ronments i s  a l s o  d i c t a t e d  by emerging revo lu t i ona ry  changes i n  
softwarm technology. Software i n  t a k i n g  on t h e  form o f  accumu- 
l a t e d  knowledge about processes, ob jec t s  and r e l a t i o n s .  Th is  
development w i l l  have g rea t  connequences f o r  i t s  eva lua t ion  i n  
soc i oeconomi c  terms. 
( 5 )  A c q u i r i t i o n  o f  r o f  tware techno log ie r  - an inver tment  
Advanced sof tware development necess i ta tes  subs tan t i a l  i nves t -  
ment needing economic j u s t i f i c a t i o n .  Amort izat ion should be pu t  
on a  largm number o f  products.  For t h i r  reason, on1 y  l a r g e  sof t- 
ware suppl i e r s  a re  ab le  t o  a f f o r d  advanced development environ- 
mentr. 
( 6 )  C l a s r i f  i c a t l o n  o f  r o f  twarm ( tmchnolog i r r )  
Software tmchnologies d i f f e r  fundamental ly f o r  
data processing <---- > embedded r e a l  -ti me systems, 
programming 
i n-the-smal 1  ,: ---- > programming i n-t he-1 arge, 
t r a d i t i o n a l  
von-Neumann 
a rch i t ec tu res  (----' .. p a r a l l e l  computers. 
Therefore, t h e  t y p i c a l  s i t u a t i o n  i n  u n i t s  supply ing CIM compo- 
nents/systems w i  11 be t h e  coexistence o f  d i f f e r e n t  sof tware tech- 
no1 og i  es. 
( 7 )  Coewirtmncm o f  d i f  f ermnt technology l e v e l 8  w i t h i n  organiza- 
t i o n r  supp ly ing  r o f t w a r e  
For t h e  e v o l u t i o n  o f  modern sof tware development env i  ror~ments 
r e f e r  t o  F igure  7. We should consider f i v e  l e v e l s  o f  sof tware 
technology shown i n  F igu re  8. They w i l l  be used i n  t h e  b lock 
"TECHNOLOGY" o f  our model SOFTSIM. A s  a r u l e ,  s u p p l i e r s  o f  C I M  
components/systems w i l l  be charac te r i zed  by t h e  coex is tence o f  
d i f f e r e n t  techno1 o g i c a l  1  eve1 s. 
fipwr 71 Evolutim of dnn softrare dwrlopuat mvir~awatr 
hurcrr Rurmcrthy rt a!., 1987) 
Level o f  Charac ter is t i cs  
techno1 ogy 
................................................................. 
1 Discre te  t o o l s  or  groups of tools;  no func t iona l  i n t e -  
g r a t i o n ~  no communicat'ion and sharing o f  data between 
d i f f e r e n t  tools;  no support f o r  i n teg ra t i ng  tools.  
2 ~ u n c t i m & \  i n t e g r a t i ~ t  t o o l s  f i t  together t o  make a  
t o o l  k i t ;  sharing o f  data between t o o l s  possible; t o o l -  
k i t  may be ava i lab le  a lso  on d i f f ecen t  computers but 
w i th  only rudimentary sharing o f  data v i a  data c a r r i e r  
w LAN. 
3 Syntact ic  in tegrat ions t o o l s  can communicate v i a  
agreed in te r faces  or communication pro toco ls  (p ipe l i ne  
concept i n  UNIX or data base ' concept, f o r  examp1 el. 
4 Semantic in tegra t ion :  a11 t o o l s  form a  complex system 
and are i n t e r r e l a t e d  and compatible. 
C J I n t e l l i g m t  1  i f  e-cycle support. 
................................................................. 
Figure 88 Levels o f  software technology (see a lso  Balzer t ,  1987) 
(B) Level o f  software technology and q u a l i f  i c a t i o n  o f  so+ tware 
devel oper s  
I t  i s  near ly  impossible t o  imagine advanced in tegra ted s o f t -  
ware development envi ronmentr without concepts or  techni ques such 
as r e l a t i o n a l  data bases, data d i c t i ona r ies  or  a r t i f i c i a l  i n t e l -  
l igence. Their i n t roduc t ion  requires h igh l y  qual if i e d  software 
engineers mastering them. Inadequate qual i f  i c a t i  on o f  software 
engineers i s  regarded a  major handicap f o r  a  more r a p i d  d i s t r i b u -  
t i o n  o f  e f f i c i e n t  software technologies. For t h i s  reason, i n  the  
evaluat ion o f  software innovations we have t o  take i n t o  conside- 
r a t i o n  the  q u a l i f i c a t i o n  o f  software engineers, too. 
(9) S c i e n t i f i c  p rerequ is i tes  for q u a l i f  i e d  w a l u a t i o n  
Evaluat ing software technologies ( innovations) was i d e n t i f i e d  
as a  s c i e n t i f i c  problem i n  the  mid 1970s, having a t t rac ted  i n -  
creasing a t ten t i on  ever since. Leading R&D organizat ions (Hicro- 
e lec t ron ics  and Computer Technology Corporation, Department o f  
Defense Software Engineering I n s t i t u t e )  i n i t i a t e d  large-scale 
research e f f o r t s  t o  shed l i g h t  on t h i s  problem. The vast number 
of t o o l s  and development environments ava i lab le  on the  market 
emphasize t h i s  need now. C u r t i s  (1980) argued t h a t  f u r the r  ad- 
vances i n  software technology w i l l  requ i re  
- new resu l  t s  i n  measurement, and 
- more experimental v e r i f i c a t i o n  and t e s t  o f  new software tech- 
niques and methods 
Thus, f ormal i z i n g  sof tware development i s  t h e  prerequi s i  t e  f o r  
progress i n  evaluat ion o f  software technologies. This view i s  
shared by Boehn (1984, p. 8) s "Whatever t h e  strengths o f  a  so f t -  
ware cost est imat ion technique, there  i s  r e a l l y  no way we can 
expect t h e  technique t o  compensate f o r  our lack o f  d e f i n i t i o n  or 
understanding o f  t h e  software job t o  be done." (Boehm, 1984, p:8) 
The f oraal  i t a t  i o n  o f  so+ tware development and of product ion' '  
processes i n  C I M  systems (see Naylor and Plaletz , 1986; Naylor and 
Vol t ,  1987) w i l l  complement one another and are  both challenges 
t o  basic research. 
Bean e t  al .  (1987) suggested a  systems e n g i n e u i  ng concept for 
software p r o d u c t i v i t y  and character ized the  s t a t e  o f  t h e  a r t  i n  
evaluat ing softwars technologies as fo l l ows  (p. 169f170): " A t  
t h i s  time, no comprehensivs taxonomy o f  methods f o r  software 
p r o d u c t i v i t y  ex i s t s ,  nor much other than f o l k l o r e  concerning how 
succesful or  unsuccessful these methods habe been i n  s p e c i f i c  
opera t iona l  sof tware design contexts. . . . 
General ly, we do not  be l i eve  t h a t  i t  w i l l  be p o j s i b l e  t o  
determine t h e  cost  and benef i ts ,  i nc lud ing  r i s k  elements, of 
p a r t i c u l a r  approaches out  of context. Th is  suggests t h e  s t rong 
need f o r  t h e  development of a  robust  set  o f  task,  func t ions ,  and 
methods taxonomies w i t h i n  memingf u l  opera t iona l  s e t t i  ngs. What 
i s  needed i s  not  a  se t  o f  abs t rac t  1  i s t i n g s  of methods, but  
ra the r  a  set  of appl i c a t i o n - r e l a t e d  taxonomies, developed t o  
i nc lude  methods and methods c h a r a c t e r i s t i c s  as we l l  as tasks  and 
funct ions,  t h a t  w i  11 permi t  assessment o f  t h e  b e n e f i t s  and cos ts  
o f  p a r t i c u l a r  approaches." (Beam e t  a1 ., 1987, p. 169f. ) 
For ongoing and f u t u r e  research e f f o r t s  on software design 
a ids  Beam e t  a l .  (1987) developed a  concept c a l l e d  t h e  s i t u a t i o n  
room f o r  sof tware p r o d u c t i v i t y  and su i ted  as a  t h e o r e t i c a l  frame- 
work f o r  t h e  eva luat ion  o f  software technology (see F igu re  9). 
Many i n v e s t i g a t i o n s  i n t o  new methods f o r  r a i s i n g  sof tware produc- 
t i v i t y  revealed mu l t i f ace ted  and complex i n t e r r e l a t i o n s  between 
them quest ioning t h e  i s o l a t e d  eva luat ion  o f  any p a r t i c u l a r  
met hod. 
From these i n t e r r e l a t i o n s  we s h a l l  conclude t h a t  t h e  r e a l  
problem i s  t o  determine those methods, concepts o r  to015 which 
are  appropr ia te  f o r  an e x i s t i n g  o r  des i rab le  socioeconomic envi - 
ronment and, as a  whole, promise a  maximum increase i n  p r o d ~ ~ c t i  - 
v i t y .  
S t a r t i n g  from t h e  mutual s t imu la t i ng  e f f e c t s  between aof tware 
engineering, c o g n i t i v e  and computer sciences and governed by t h e  
basic nature  o f  sof tware ,engineering as a  product ion  and repro-  
duct ion  process o f  knowledge several research g r o ~ ~ p s  are  e l  abora - 
t i n g  knowledge support systems f o r  r a i s i n g  sof tware p r o d u c t i v i t y ,  
thus, paving t h e  way f o r  advances i n  evaluat ion,  too. 
-- 
--I 
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3.2. APPROACHES FDA EV&LUATIN(3 SOFTWARE INNOVATIONS 
(TECHNOLOBIES) 
Stati  r t ical  b a r i  r 
For nmarur i ng and mval uat ' i  ng rof  twarm tmchnol o g i  e s  and sof  t- 
ware . i n n o v a t i o n r  w e  can  r e l y  on 
- uof t w a r e  catalog.,  
- r c i m n t i f  i c  l i t e r a t u r e ,  
- roftwarm r t a t i r t i c r  and market rmvimwr. 
The ro f  tware c a t a l o g r  1 r r u e d  t w i c e  a y e a r  u r i n g  +MENUTm - The 
I n t w h a t i o n a l  Softwarm DatabarmTm d e r e r v e  p a r t i c u l a r  a t t e n t i o n  
(Bern TSC, 1985). Such c a t a l o g r  make i t  p o r r i b l m  
- t o  d e r i v e  market and p r i c e  t r e n d r  f o r  r p m c i f i c  rof twarm ca t ego-  
r i m r ,  
- t o  a r r e r r  t h e  p e r f w m a n c e r  of r o f t w a r e  t o o l s  i n  d i f f e r e n t  p r i c e  
rangms,  and 
- ( t o  a  c e r t a i n  dmgree) t o  a n a l y r e  r o f t w a r e  i n n o v a t i o n s .  
W e  began t o  compi le  d a t a  concmrning sof  t w a r e  development t o o l s  
and env i ronmen t s  i n  a  d a t a  b a r e  c a l l e d  SOFTBANK. T h i s  d a t a  b a s e  
c o m p r i s e s  t h e  f o l l o w i n g  parametmrsr namm of a  t o o l ;  r u p p l i e r ;  
f  imld of appl  i c a t i ~ ;  p roduc t  c a t e g o r y ;  I n t e r n a t i o n a l  S t anda rd  
Program NumberTm; d e r c r  i p t  i on of f  unc t  i onm; y e a r  of market  i n t r o -  
d u c t i o n ;  number of i n s t a l  l a t i o n r ;  c u r r e n c y  u n i t 1  p r i c e t s )  1  hard-  
ware (opmrat ing  r y s t e m r )  # t e r m s  of s a l e ;  r o u r c e  of i n f  ormat ion;  
p h a s e t d )  i n  thm r o f t w a r e  l i f e - c y c l e  s u p p o r t e d ;  s o f t w a r e  paradigm 
of t h e  p r o d u c t s t  t e c h n o l o g i c a l  l e v e l ;  p o 5 s i b l e  s i z e  of t h e  pro-  
d u c t ~ ;  r e a l - t i m e  r equ i r emen t s .  
The o f f i c i a l  s o f t w a r e  s t a t i s t i c .  of a1 1  i n d u s t r i a l i z e d  coun- 
tr ies i n  r a t h e r  incomple te .  Data on i n s t a l  l a t i o n s  of s o f t w a r e  
t o o l s  or env i ronmen t s  and on p r o d u c t i v i t y  g a i n s  ach ieved  a r e  r a r e  
i n  t h e  BDR l i t e r a t u r e  (see, f o r  example,  H u l l e r  t 1  1988, 
BrYuer et a l . ,  1988).  Ana ly res  of p r i c e  s t r u c t u r i n g  f o r  s o f t w a r e  
t o o l s  on i n t e r n a t i o n a l  marke t s  and of l e a d i n g  rupp l  iers'  p r i c e  
s t r a t e g i e s  r e v e a l  impor t an t  t r e n d s  i n  sof  tware development p rac -  
t i c m s  a s  w e l l  a s  t h e  i n f l u e n c e  t h e  supp ly  of powerful  hardware  
sys t ems  d o  have  on them. Wath p r i c e s  on t o o l s  and env i ronmen t s  
becoming morm f l e x i b l e  t h e  economic j u s t i f i c a t i o n  of i nves tmen t  
d e c i r i o n s  conce rn ing  r o f t w a r e  p r o d u c t i v i t y  sys t ems  is a g g r a v a t i n g  
even more. Only r e c e n t l y ,  a  d a t a  procmssing e n t e r p r i s e  l o c a t e d  i n  
Dresden (VEB Datenverarbeitungszentrum Dresden,  GDR) s t a r t e d  t o  
compi l e  i n f  o rma t ion  on a1 1  sof  twarm p r o d u c t s  developed i n  t h i s  
coun t ry .  On r e q u e s t  t h i s  f i r m  p r o v i d e s  s e l e c t e d  i n f o r m a t i o n  t h a t  
wm u s e  f o r  e l a b o r a t i n g  t h e  s i m u l a t i o n  model SOFTSIM. 
I n t e r n a t i o n a l  e w p e r i m c e  i n  e v a l u a t i n g  p r o d u c t i v i t y  
e f f e c t s  of s o f t w a r e  tools 
Eioehm'r assessment  of c o s t  r e d u c t i o n  i n  d i f  f  e r e n t  p h a s e s  of 
t h e  r o f t w a r e  l i f e - c y c l e  t h a t  is due  t o  an  a p p r o p r i a t e  a p p l i c a t i o n  
of computer-aided t o o l r  (see Gonenc, 1985, p. 40)  can  s e r v e  as a 
g e n e r a l  guidm l i n e  of  what ir p o r s i b l r .  T h i s  r e d u c t i o n  amountutl 
t o  10% i n  d e s i g n  s p e c i f i c a t i o n ,  20% , i n  t h e  a n a l y s i s  phase ,  60% i n  
coding  and i n  modulm test, and BOX i n  i n t e g r a t i o n  and sys tem 
test. Prov ided  t h a t  c o e t . d i s t r i b u t i o n  among l i f e - c y c l e  p h a s e s  is 
known o n e  can  assess t h e  i m p l i c a t i o n s  f o r  t h e  o v e r a l l  development 
and maintmancm c o s t s  (see Boehm and S t a n d i s h ,  1983).  An i d e a  of  
medium-range o r  long-range c o s t  r e d u c t i o n s  t o  b e  ach ieved  by 
implementing t h e  knowledge-based s o f t w a r e  paradigm is g i v e n  i n  
F i g u r e  10. 
ErtJmated p roduc t i v i t y  gains ( X I  
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A c t i v i t y  Current Automated 
e f f o r t z  e f f o r t 1  
.................................................. 
Requirements analys is  3.0 3.0 
Design 11.0 0.2-4.0 
Programming 7.0 0.1-2.0 
In tegra t ion  and t e s t  12.0 0.4-5.0 
Correct ive maintenance 18.0 0.3-5.0 
Adaptive maintenance 14.0 0.5-3.0 
Perfmctive maintenance 7.0 0. S  
Updates 
m i  sundmrstandi ng 14.0 0  
Updater 
nen f u n c t i o n a l i t y  14.0 1.0-5.0 
.................................................. 
Total 100 6-25.3 
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tlmasured am a  percentage of t o t a l  current  e f f o r t .  
F igure 10s P roduc t i v i t y  gains by means of knowledge-based so f t -  
warm development (Source: Rockmore, 1985) 
According t o  C. Jonms, using the  most advanced software pro- 
d u c t i v i t y  system t h a t  w i l l  be ava i lab le  i n  t h e  mid 1990s and 
w i l l  cost about 80 m i l  l i o n  US* w i l l  af f e c t  software development 
i n  the  fo l lowing way (see But le r ,  1 9 8 7 ) ~  
- less-than-10-percent cance l la t ion  r a t e  (versus today 's  25 per- 
cent r a t e ) ,  
- a  onm- t o  two-ymar development cyc le  (versus today 's  three- t o  
10-year cyc le) ,  and 
- m i  1  1  i on-do1 1  ar budgetr (versus today ' s  mu1 t i m i  1  1  i on-do1 1  ar 
budgets) . 
Thesm quoted p roduc t i v i t y  gains could g ive  the  impression t h a t  
mearur i ng and mval u a t i  ng sof tware techno1 ogi es does not  r a i s e  any 
probl  ems. Oui t m  t h e  reverse ! "Despi t e  numerous approaches t o  
quan t i f i ca t i on  o f  software p roduc t i v i t y  ... therm are not  4ny 
g e n u a l l y  recognized mmarurmr. ... The amount o f  thm i n t e l l e c -  
t u a l  substance c a l  l e d  'sof tnare '  cannot be mearured remaining 
incomprehmnsible." (Sneed, 1988, p. 22) This overstated phra..e 
out1 i nes  thm inherent problems very c lear ly .  To gmt a  broader 
p i c t u r e  o f  the  them we sha l l  analyoe th ree approaches f o r  evalua- 
t i o n  b r i e f l y .  
1. Thm approach muggested by Schulr (1986) focurer  on func t iona l  
f eaturer,, i .e. on t h e  components of t he  u t i l i t y  value, but 
n m g l u t r  thmir  rm la t i on r  t o  uonomic r m f  u m c e  numbmrr. 
2. I n  t h e  Softwarm Engineering Laboratory o f  t h e  NASA Goddard 
Space F l i g h t  Center, Card m t  al.  (1987) (see a lso  Card e t  al . ,  
1986) t r imd  t o  assess t h e  i n f  luence smlected technologies 
(methods, tools,  o r  techniques) exer t  on software product iv i -  
ty .  This approach rm l ies  on a  software data base t h a t  has been 
maintained f o r  m o r m  than a  decade. The objects f o r  ev lua t ion  
a r e  rather  heterogeneous some o f  them being aggregates. The 
inves t iga t ions  have shonn t h a t  no r ing lm technology had an 
mssential i n f  luencm on product iv i ty .  The authors reached the  
f 01 1  owi ng gener a1 concl u s i  onsz 
- The e f f e c t  o f  a g iven  technology ( i nnova t i on ) ,  bu t  a160 t h e  
i n f l u e n c e  of  non-technological  f a c t o r s  depend, t o  a c e r t a i n  
degree, on t h e  p e c u l a r i t i m r  bo th  o f  t h e  software development 
environment and t h e  sof tware products. 
- The d e c i r i v e  way t o  an increase i n  sof tware p r o d u c t i v i t y  i s  
employing h i g h l y  q u a l i f i e d  and experienced r t a f f .  
3. Another approach was developed by Dworatrchek and Hocker 
(19BS). I t  aimed q t  "making more t ransparent  t h e  supply o f  
sof tware engineer ing methodsN or ,  i n  o ther  words, making 
e a r i e r  t h e  choice between a l t e rna t i ves .  Some o f  t h e  au thors '  
cons idera t ions  w i l l  be use fu l  f o r  our model SOFTSIM, too: 
- An eva lua t ion  by means of experiments does n o t  p rov ide  
general  and d i r e c t l y  app l i cab le  v e s u l t s  (see a l s o  Boehm e t  
al.,  1994). 
- Determining p r o d u c t i v i t y  re ference numbers f o r  app l ied  s o f t -  
ware engineer ing methods i s  hopeless because record ing  i n  
q ~ ~ a n t i t a t i v e  o r monetary te rmr  i r  impor r ib le .  For t h i s  rea-  
son, Dworatrchek and HGcker d r r i v u d  t h o i r  rpp/oach from t h e  
60-cal l e d  u t i  1 i t y  theory ("Nutzwertanal yse") . 
- As " q u a n t i t a t i v e  measurement o f  u t i l i t y  us i ng  ca rd ina l  
ecales does no t  t u r n  out  t o  be a t t a i n a b l e N  t h e  authors  
recommended (and p rac t i sed )  o r d i n a l  sca les and comparat i v e  
measurement o f  u t i  1 i t  y (see Dworatschek and Hacker , 1905, p. 
1 e 3 .  
Th is  microeconomic approach o f f e r s  a r e l a t i v e l y  s imple way f o r  
suppor t ing t he  choice of  sof tware engineer ing methods. I t  
st~ows c l e a r l y  bo th  poss i  b i  1 i t i e s  and problems o f  eva lua t ion  i n  
t he  f i e l d  o f  sof tware technology ( renunc ia t ion  o f  ca rd ina l  
mearurementr) i n  en te rp r i ses  t h a t  l ack  c a r e f u l l y  maintained 
sof tware data bases, h igh1 y qua1 i f i e d  personnel and an arsenal 
o f  s p e c i f i c  methods. 
From t h e  approaches analysed above we can draw some conclu- 
r i o n r  f o r  our own e f f o r t s r  
1. The predominant research e f f o r t s  on socioeconomic eva lua t i on  
o f  sof tware technolog ies ( innova t ions)  have been done so f a r  
by m u l t i n a t i o n a l  co rpora t ions  such as' TRW, IBM, ITT, bu t  a l so  
by governmental o rgan iza t ions  (NASA, DoD SEI). These corpora- 
t i o n s  and o rgan iza t ions  have sof tware da ta  bares a t  t h e i r  
d isposal .  The approaches towards eva lua t ion  a re  t h e  r e s u l t  o f  
long-term i n t e r d i r c i p l i n a r y  work t h a t  was performed as a p a r t  
o f  r t r a t e g i c  programmer aimed a t  a1 l e v i a t i n g  t h e  sof tware 
c r i s i s :  ". . . p r o d u c t i v i t y  improvement r e q u i r e s  much more than 
t h e  i r o l a t e d  a p p l i c a t i o n  o f  new techno log ie r  and p o l i c i e s .  To 
be successful, a p r o d u c t i v i t y  improvement program must ad- 
dress t h e  e n t i r e  spectrum o f  p r o d u c t i v i t y ,  issues. Key fea tu res  
o f  such a program a r e  management commitment and an i n t e g r a t e d  
approach. ... 
No r i n g 1  l technology can guarantee 1 arge p r o d u c t i v i t y  ga ins i n  
a l l  carer .  A successful  programming p r o j e c t  r e q u i r e s  do ing 
many t h i n g s  r i g h t ;  f a i l u r e  may r e s u l t  f rom doing on ly  one 
t h i n g  wrong. The best  approach f o r  i nc reas ing  programming 
p r o d u c t i v i t y  i s  t h e  c a r e f u l  s e l e c t i o n  and implementation of 
complementary techno log ie r  and p r a c t i c e s  t h a t  address t he  
e n t i r e  programming l i f e  cyc le . "  (Vosburgh e t  al . ,  1984) 
Comparing our research work on SOFTSIM w i t h  those s t r a t e g i c  
programmes we have t o  be content  w i t h  more modest cond i t ions .  
Aggregated approaches l i k e  SOFTSIM can serve as methodological  
guide1 i n e r  f o r  p a r t i c u l a r  en te rp r i ses  o r  bodies, bu t  n o t  sub- 
s t i t u t e  t h e i r  own e f f o r t s .  
2. Softwaro  innovation^ are  not t h e  on ly  way f o r  inc reas ing  
sof tware p r o d u c t i v i t y ,  which depends on ~oc iooconomic mecha- 
n i s m ~  and on a  v a r i e t y  o f  o ther  i n t e r r e l a t e d  f ac to r s ,  among 
them techno log ica l ,  o rgan i t  a t i ona l  , psycho1 og i ca l  , and ergono- 
mic. Therefore, e l abo ra t i ng  a  methodology f o r  sof tware s t r a t e -  
g i e s  should no t  be r e s t r i c t e d  t o  an i n v e s t i g a t i o n  i n t o  mea- 
sures and methods f o r  t h e  eva lua t ion  o f  p r o d u c t i v i t y  gains. 
Nevertheless, we have t o  grasp sof tware innova t ions  t o  be t h e  
general breed1 ng-ground. 
The r e l a t i o n s  b e t ~ e e n  t h e  b u i l d i n g  b l o c k s  o f  our model SOFTSIW 
(see F igu re  2) cannot be reduced t o  s imple cause-and-ef f e c t  
chai  ns. 
3. As t h e  imp1 i c a t i o n s  o f  s i n g l e  technolog ies f o r  p r o d u c t i v i t y  
a re  ha rd l y  provable,  any attempt t o  proceed t h i s  way seems t o  
be on shaky grounds and neg lec ts  t h e  necomsity o f  i n t og ra ted  
approach08 f o r  a l l e v i a t i n g  t h e  sof tware p r o d u c t i v i t y  dilemma. 
The i dea  o f  technology aggregates i s  taken up i n  form o f  f i v e  
techno log ica l  1  eve l  s  (see F igure  8) t h e  economic parameters o f  
which w i l l  have t o  be obta ined by i n t e r v i e w i n g  experts.  
4. E x i s t i n g  approaches f o r  eva lua t ing  sof tware technolog ies a re  
t a i  l o r o d  t o  sp.ocif i c  environmmtm and focus on t h e  micro 
1  evel  . Insu f  f i c i  sn t  know1 edge about ac tua l  sof tware develop- 
ment, m i  5s i  ng standards f o r  measuring sof tware products  and 
sof tware processes, t h e  in te rconnec t ion  between sof tware inno  - 
vat ions,  t h e  f a c t  t h a t  cos t s  and b ~ n e f  i t s  a re  t i e d  t o  t h e  
context ,  b u t  a l s o  t h e  enormous expenditures f o r  experiments 
g i v e  r i s e  t o  t h e  unsa t i s f ac to r y  s t a t e  o f  t h e  a r t .  
5. Another r e s u l t  o f  our cons iderat ions i s  t o  draw a t t e n t i o n  t o  
research problems no t  solved yet.  As a  r u l e ,  any s i g n i f i c a n t  
progrees r e q u i r e s  mutual enrichment o f  computer, c o g n i t i v e  and 
i n d u s t r i a l  sciences, systems and sof tware engineer ing, and CIH 
technol  ogies. 
t. Many t r ends  t o  be observed i n  sof tware engineer ing a re  be ing 
r e f l e c t e d  i n  t h e  cos t  s t r u c t u r e  o f  sof tware products.  It i s  
not appropr ia te  t o  over load SOFTSIW w i t h  minor technol  og i ca l  
d e t a i  1s. Instead, economic and soc ia l  i n d i c a t o r s  should be 
placed i n  t h e  cen t re  o f  our modeling e f f o r t  (see a l s o  F igure  
11). 
................................................................. 
Present sof tware Development Appl i c a t i  ons 
development o f  appl i ca -  us ing  56 com- 
w i thou t  ‘: --------- > w i t h  t i o n s  us ing  pu te r s  
development t o o l  s  46 1  enguagec 
----------------------------------------------------------------.- 
user 
p a r t i c i p a t i o n  c J
maan agement 
(p lanning,  = J
con t ro l  ) 
devel opment 
cos t s  85 50 30 10 
(coding, t e s t )  
................................................................. 
computer 6= J 20 30 40 
- .  ............................................................... 
F igu re  11: Changes i n  ne t  product i n  sof tware development ( % )  
(Source: Computerwoche, 1985, Way 10) 
4. SOCIAL EVALUATION OF SOFTWARE INNOVATIONS (TECHNOLOOIES) 
Soc ia l  (socioeconomic) eva lua t ion  o f  sof tware innova t ions  can 
ha rd l y  be separated from hardware innova t ions  or  be r e s t r i c t e d  t o  
f l e w i b l e  automation. The f o l l o w i n g  r e f l e c t i o n s  w i  11 i n d i c a t e  
d i r e c t i o n s  f o r  f u r t h e r  research and f i x  some p o i n t s  t o  s t a r t  
w i th r  
1. Remarkable soc ia l  e f f e c t s  o f  sof tware innova t ions  can be 
brought about on l y  i n  a context  o f  r e l a t e d  innova t ions  mutual- 
1 y s t rengthening each other.  Soc ia l  e f f e c t s  a r c  dependent on 
mmdiating f a c t w s  w e n  more than ec0nomi.c ones. 
2. Conoidmring t h e  m i l i t a r y  importance o f  sof tware technolog ies 
,and t h e  danger o f  i t s  c r i m i n a l  abuse t h e  necess i t y  o f  encoura- 
g i ng  t h e  consciousness o f  80Ci.l r e * p o n s i b i l i t y  becomes ev i -  
dent .. 
3. I n  many s c i e n t i f i c  d i s c i p l i n e s ,  sof tware mediates between new 
r e s u l t s  and a p p l i c a t i o n s  g i v i n g  r i s e  t o  t h e  dangmr t o  p u t  a l l  
s o c i a l  mffmcts down mxclus ive ly  t o  softwarm. 
The soc i  a1 (soc i  oeconomi c )  eval  u a t i  on o f  sof tware i nnovat i ons 
r e l a t e d  t o  f l e x i b l e  automation i n  p roduc t ion  and i n fo rma t i on  
processes r e q u i r e s  t h e  i n v e s t i  gat i o n  o f  t h e  f 01 1 owing mutual 1 y 
dependent i mpl i ca t  i ons: 
- working and l i v i n g  cond i t i ans  and p r o t e c t i o n  from misuse, 
- content  o f  work ( t a k i n g  dec is ion  support as an example), 
- "personal i zat  i on" and user comfort ,  
- requirements f o r  q u a l i f i c a t i o n ,  
- human r e l a t i o n s  and p lace  o f  human beings i n  working and deci-  
s i  on making processes. 
Here we have t o  r e s t r i c t  ourse lves t o  se lec ted  imp l i ca t i ons .  
Working and 1 i v i  ng cond i t ions ,  
Protmct ion from misuse 
I n  our t imes  computer systems are  i nc reas ing l y  c o n t r o l i n g  
v i t a l  s o c i e t a l  funct ions.  Theref ore, t h e i r  ma1 f u n c t i  on5 and 
breakdowns can have ca tas t roph ic  r e s u l t s  o r ,  a t  l e a s t ,  cause b i g  
damage. 
Many sof tware innova t ions  c o n t r i b u t e  t o  highmr q u a l i t y  o f  
softwarm and hardware systems, make them morm r m l i a b l e  and, thus, 
n ~ a i n t a i  n i n d u s t r i  a1 h e a l t h  and sa fe t y  standards, s ~ ~ p p o r t  h e a l t h  
p r o t e c t i o n  as we l l  as p r o t e c t i o n  from misuse. 
However, progress i n  sof tware technology does no t  automat i c a l -  
l y  l ead  t o  h igher  sof tware r e l i a b i l i t y ,  t h e  q u a l i f i c a t i o n  o f  
softwarm s p e c i a l i s t s  be ing  a nmcessary c a t a l y s t .  M i l l s  (1986, p. 
t6) has shown t h a t  new sof tware t o o l s  a r e  double-edged: "An 
i n t e r a c t i v e  debugger i s  an ou ts tand ig  example o f  what i s  no t  
needed - i t  encourages t r i a l - and -mr rw  hacking ra the r  than syste- 
mat ic  design, and a l s o  h i d e r  marginal  pmoplm b a r e l y  q u a l i f i e d  f o r  
p r e c i s i o n  programming. " Another examp1 e i s  t h e  programming 1 an- 
guage Ada a t t r a c t i n g  s ~ l b s t a n t i a l  i n t e r e s t  o f  CIM-developers. Hut, 
on t h e  o ther  hand, Ada i s  c r i t i c i z e d  because o f  i t s  low r e l i a b i -  
l i t y  i n  m i l i t a r y  systems. 
A 1 arge number o f  innova t ions  medi ated by sof tware products  
(1  anguage syntheses, 1 anguage understanding , Bra i  11 e p r i n t e r  , 
i npu t  dev ices f o r  handicapped persons, ... ) considerably  improve 
t h e  man/machine i n t e r f a c e  f a c i l i t a t i n g  t h e  i n t e g r a t i o n  o f  handi - 
capped persons i n t o  product ion. 
Job enrichment due t o  t h e  i n t r o d u c t i o n  o f  C I M  systems and a 
b e t t e r  i n t e g r a t i o n  o f .  t h e  product ion personnel ' s  know1 edge and 
experience i n t o  t h e  o rgan iza t ion  o f  worb i n  these systems a re  
i ntportant ai me of the ESPRIT sof tware project "Human Centered CItl 
System". This will eventually lead t o  higher flexibility, faster 
reaction on defects and higher efficiency. Apart from technicians 
and software specialists, sociologists and industrial scientists 
will participate in this project demonstrating this way the 
incrmarinp importanem of rociomconomic criteria in thm evaluation 
of rof twar l . 
Contmnt of work 
(Dmci mi on rupport am an mxamplm) 
Since thm last decade t h e  possibilities for supporting deci- 
sion makers even in unstructured complex decision situations 
have been expanded remarkable (De et al., '1985). Investigating 
the contribution of artificial intelligence and other software 
innovations is a topic of large-scale research efforts. 
At present time, knowl edge-based decision supporting systems 
are being devrl oped for management 1 eve1 s ranging from production 
control t o  strategic planning. When such systems are being imple- 
ment ed 
( 1 )  t h e  c o n t m t m  of work 
- of managers (consultation with these systems) 
- of system engineers (new profession: knowledge engineer) 
- of clerks in management and planning departments (automa- 
tion of many ment a1 routine processes) 
a s  well a s  
( 2 )  thm demand for qualification 
- of knowl edge engineers 
- of clerks in management and planning departments (they need 
an idea of what the foundations of knowledge engineering 
are, otherwise knowledge-based decision support systems 
will remain a black-box) 
wi 11 change according1 y. 
The di f f usi on of knowl edge based decision support systems 
will raise the experts' social status. 
Radical changes in content of work can b e  observed for repre- 
sentatives of all professions and occupations faced with CIM 
cystems including managers (DSS, CAO), planners, engineers, opc- 
rators and skilled workers (MRP, CAD, CAM, CAT, CAO), and soft- 
ware engineers (CASE). All these changes are closely related t o  
a substant i a1 improvement of man/machine interfaces. 
"Pmrronal i zati on" and user-f ti mndl i ners 
(Thm examplm of CASE) 
With t h e  technological level in software produqtion being, 
raised (see Figure 81, t h e  user-f rirndl iness of sof tware enginee- 
ring environment5 i s  substantial 1 y increasing. This becomes evi - 
dent in 
- t h e  way of working (interactive mode), 
- t h e  adaptability of the interface t o  changing requirements a s  
well am t o  knowledge, abilities and skills of the personnel 
(novice programmers, occasional programmers, expert program- 
mers), 
- t h e  availability of a help mode, 
- fault-tolerance, 
- the standardization of t h e  interface t o  all tools, 
- the availability of macros, 
- t h e  configurability of tools. 
Tai 1 o r i  ng sof tware engineer ing environments and e l  emrnts of  
f l w ~ i b l  e automation (personal r obo t s )  i s  supposed t o  s t i  mu1 a t o  
t h e  u t i l i z a t i o n  o f  manpower's i n d i v i d u a l  a b i l i t i e s  and s k i l l s  i n  
automation systems, t o  encourage i d e n t i f i c a t i o n  w i t h  t h e  work 
environment and, a t  1 ong 1 ast  , t o  improve p r o d u c t i v i t y  . Eesi des 
advances i n  psychology, soc io logy and i n d u s t r i a l  science, p r o  - 
gress i n  sof tware technology i s  t h e  d e c i s i v e  p r e r e q u i s i t e  f o r  
"personal i n i ng ' l  t echn i ca l  systems. 
Software ergonomics i s  a new spec ia l  f i e l d  o f  computer science 
i n tend ing  t o  c loee  t h r  gap betwren p o s s i b i l i t i e s  f o r  problem- 
so l v i ng  by machines and t h e  needs and l i m i t s  o f  human beings. I n  
t h e  1 i t e ra tu re ,  many cases o f  neg lec t ing  achievements o f  r o f  tware 
ergonomics are documented (see Potosnak, 1987). The necess i t y  t o  
get end-users invo lved  i n t o  t h e  sof tware development process w i l l  
shape sof tware technology s i g n i f i c a n t l y .  Software ergonomics can 
c ~ m t r i  bu te  t o  counteract  tendencies o f  dequal i f  i c a t i  on of  ten  
associated w i t h  t h e  i n t r o d u c t i o n  o f  new in fo rmat ion  and communi- 
c a t i o n  technologies.  Ergonomic man/machine i n t e r f a c e s  r e q u i r e  
man i fo ld  knowledge and p o i n t  d i r e c t 1  y towards a r t i f  i c i  a1 i n t e l  li - 
gence. 
Requ i r rmmts  f o r  q u a l i f i c a t i o n  
With sof tware innova t ions  t ak i ng  p l ace  systems engineers a re  
increas ing1 y faced w i  t h  g r r a t  demands on formal t r a i n i n g .  So f t -  
ware engineers be ing ab le  t o  understand t h e  i n t r i c a c i e s  o f  modern 
s r ~ f  tware technolog ies and t h e  under1 y i ng  concepts w i  11 use them 
best. A t  t h e  same t ime t h e  a b i l i t y  t o  communicate w i t h  represen- 
t a t i v e s  o f  o ther  p ro fess ions  i s  becoming more important.  
The tendency t o  endow C I M  systems w i t h  more i n t e l l i g e n c e  doer 
not  necessa r i l y  lead  t o  an impoverishment o f  t h e  con ten ts  of  t h e  
operators  ' work . 
Software i s  app l ied  i n  t r a i n i n g  i nc reas ing l y ,  too. Th is  ten-  
dency can be c l e a r l y  recognized i n  t h e  q u a l i f i c a t i o n  as operators  
o f  expensive C I M  equipment, where s imu la t i on  model 5 have proved 
t o  be very  usefu l .  
Sof twar r i nnovat i  on8 and 
soc i  a1 asprc ts  o f  so+ t w a r r  managemmt 
The h i s t o r i c a l  development o f  sof tware techno1 ogy i n d i c a t e s  
t h a t  every techno log ica l  l e v e l  b r i n g s  about a corresponding d i v i  - 
s ion  o f  labour.  Managing sof tware teams i m p l i e s  t o  care  f o r  t h e  
r e 1  a t i o n s  
- between users and sdf tware engineers, 
- among so+ tware engineers, 
- between managers and sof t ware engineers. 
Some softwarm innova t ions  have a s r r i o u s  i n f l u r n c r  on t h r s r  
human r r l a t i o n s .  With sof tware innova t ions  such as 4GL and know- 
1 edge-based sof t w a r r  engineer i ng t h e  users, f o r  e x  amp1 e, become 
i nc reas ing l  y invo lved  i n  sof tware development. Th is  tendency 
f i n d s  i t s  expression i n  t h e  s t r u c t u r e  o f  t h e  ne t  product  (see 
F igu re  Ill. Sof twar r  innova t ions  concern d i f f r r m t  groups o f  t h e  
sof tware personnel t h a t  had been forming i n  a phase o f  exagge- 
r a t e d  d i v i s i o n  o f  labour.  
The automation o f  many tasks  i n  t h e  sof tware l i f e - c y c l e  i n v o l -  
v i n g  a l o t  o f  labour causes t h e  tendency o f  sof tware teams t o  b e  
reduced and o f  d imin ish ing,  thus, t h e  need f o r  management and 
coord inat ion.  During t h e  l a s t  20 years, however, t he  complex i ty  
o f  many sof tware p r o j e c t s  has been inc reas ing  f a s t e r  than s o f t -  
ware p r o d u c t i v i t y .  Therefore, i t  was necessary t o  a1 i g n  l a r g e  
teams inc lud ing  someti mer hundreds of  so/ tware engineers w i th  
common p ro jec t  goal s. 
I n  t he  l i t e r a t u r e  (see M i l l s ,  1986, p. 65) "cleanroom" s o f t -  
ware engineering served as an example f o r  software innovat ions 
both r e q u i r i n g  and encouraging pro f  e88i0nal ism, but a1 50 streng- 
thening team s p i r i t  and boost ing moralu. I n  t h *  mid 1970s e o f t -  
ware engineering was focussing on technological problems, whereas 
evaluat ion centred upon economic ones. Rut comprehension shar- 
pened soon: ". . . concerns f o r  the  soc ia l  imp l i ca t i ons  o f  computer 
systems are pa r t  of t he  software engineer 's p r a c t i c a l  methodolo- 
gy, ra ther  than t rea ted  as a separate top i c  i so la ted  from our day 
t o  day p rac t i ce "  (Borhm, 1979). Scacchi (1984, p. 58) went beyond 
t h i s  understanding paying a t ten t i on  t o  "how the  complex web of  
soc ia l  arrangements shapes the  product ion and consumption of  
software systems, the  l oca l  software m g i n r e r i n g  p rac t i ce r ,  t he  
d i s t r i b u t i o n s  of  cos ts  and benef i ts ,  t he  appropriatmness o f  new 
software technologies, and the  ease w i th  which these can be 
managed. " 
Organizat ional s t ruc tu re  of  development teams, t he  s t a t e  of 
t h e  a r t ,  . i n d i v i d u a l  c a p a b i l i t i e s  knd s k i l l s  of  team members have 
t o  be  conceived as c lose l y  re lated:  ##The focus of  a few minds, 
the  frequent walkthroughs, t he  major commitment of  each i n d i v i -  
dual ' 6  time, and the  common goal shared by team members - a1 1 
these fac to rs  head i n  the  d i r e c t i o n  of a product of much higher 
q u a l i t y  than i s  l i k e l y  t o  be produced by any other means. I n  
short ,  programming teams should be t h e  cornerstone o f  so+ tware 
excellence." (Ledgard, 1986, p. 68) 
The we1 1 -documented d i f fe rences between sof tware engineering 
prac t ices  i n  t he  USA and Japan (Japanese software fac to ry  con- 
cept ! ) show t h a t  modern software management concepts are rooted 
i n  t he  system of  na t iona l  c u l t u r a l  t r a d i t i o n s  and soc ia l  value 
judgements. It i s  obvious t h a t  the  evaluat ion depends heav i ly  on 
the  soc iocu l tu ra l  environment. 
CONCLUSIONSs 
With respect t o  the  e f f o r t s  f o r  modeling software s t ra teg ies  
we argue tha t r  
1. The economic r v a l  ua t i on  of p rerequ is i tes  and imp l i ca t i ons  
re1 ated t o  software innovat ions w i th  p a r t i c u l a r  importance t o  
C I M  systems i s  i n t r i c a t e  due t o  t h e  lack  o f  mearurements i n  
monetary terms. Inc lud ing  the  soc ia l  dimension creates even 
more d i f f i c u l t i e s  f o r  those who are involved i n  s t ra tegy  
elaborat ion. The recogn i t ion  o f  the  re1  a t i ons  between socio- 
economic condi t ions and imp l ica t ions  i s  s t i l l  vague and does 
not  serve as a sound basis  f o r  quant i f i ca t ion .  
2. bs a c rea t i ve  process, s t ra tegy  e labora t ion  i n  the  f i e l d  of  
software product ion f o r  C I M  systems can be supported by means 
of modeling some o f  i t s  aspects. It i s  i n  t he  na ture  o f  s t ra -  
tegy e laborat ion t h a t  i t  cannot be fo rma l i t sd  completely (see 
a lso  Danilov-Danilyan, 1986). 
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1. I BTRODUCT I OB 
During the last two years we have collected information from 
national and international publications 12, 3, 10, 24, 25, 27, 
31, 32, 331, special experts' estimates, prepared within the 
collaboration with IIASA's Computer Integrated Manufacturing 
(CIH) Project 19, 17, 261, as well as information from occasional 
publications with descriptions of some specific systems 11, 151. 
The preliminary analysis was published in 1281. 
As a result, our FMS data base includes more than 488 cases, 
but only 394 are under consideration, because there are no 
appropriate data on the other cases, except for their na=s or 
identification (user, vendor, country). Unfortunately, we 
practically do not have any adequate detailed information from 
the USSR (only several cases), Hungary and the BIC. We also 
suspect that in some cases a duplication takes place due to the 
use of different sources with unsatisfactory identification. For 
example, in spite of the exclusion of FXC from consideration, 
possibly some of them might be mentioned among the British or 
French cases. 
Bow we have almost complete information up to 1985 and 
approximately 502 of the data for 1986 and 1987.B The collected 
data bank for FMS is now the biggest in the world and consists of 
much more cases than 15, 7, 18, 12, 16, 20, 27, 321 and other 
international collections. 
It is true that the increase of the number of cases was 
accompanied by a rather restricted spectrum of the factors. For 
the purpose of a further analysis we concentrated mainly on 
economic features of the systems, but not on technical features. 
DATA BANK DESCRIPTIOB 
As we originally based our work on the FMS data base 
published in t281, we had to use the same variables (or factors) 
in adding new information. This is why we followed the original 
bank structure with some modifications. The following data were 
collected for each FMS. 
'The estimated number of FMS in use is between 358 t271 and 
550 t41 for the year 1985. According to our latest estimates 
these were about 588 FMS installed in the world by the end of 
1986. 
IV. 
-
13. 
14. 
15. 
16. 
System Identification: 
"Country" - name of country where FILS is allocated. 
"Company" - name of user. 
"Vendor" - name of main producer. 
"Year" - year of installation. 
A p ~ l  icat ion: 
"Industry" - industry of application (1 - final metal 
products + non-electrical machinery + 
transportation equipment; 2 - electrical 
machinery and electronics + instrumnts). 
"Applic" - application area (machining, assembling, 
manufacturing, metal forming) 
Technical Complexity: 
,# WC" 
- number of machining centers. 
" NCMT" - total number of numerically controlled 
machine tools (including MC). 
"Robots" - number of robots 
"Trans" - type of transportation system (1 - 
conventional conveyor or crane; 2 - automated 
guided vehicles or computer-controlled 
carts). 
"Storage" - type of storage system (1 - automated storage 
and retrieval system; 2 - computer-controlled 
warehousing system). 
" Inspec" - type of inspection (1 - manual or automated 
measuring and final inspection; 2 - automated 
maintenance and monitoring system). 
Economic and Operation Data: 
"Oprate" - operation rate (number of shifts a day) 
"Unmanop" - number of shifts of unmanned operation. 
"Bsize" - average batch size. 
"Prodvar" - product variation or part family (number of 
products produced by FMS). 
17. '@$ Invest" - investment cost in million US S (converted 
according to the exchange rate for the year 
of installation). 
18. "PB time" - pay-back time (years). 
V. Relative Advanta~es: 
Reduction of, by a factor of: 
19. "Leadt" - lead time. 
28. "SUT" - set-up time. 
21. "IPT" - in-process time. 
22. "VIP" - Vork- in-progress . 
23. " Xt ime" - machining time. 
24. "Invent" - inventory. 
25. "Pers" - personnel. 
26. "Flsp" - floor space. 
Increase in, by a factor of: 
27. "Product" - productivity. 
28. "Prodcap" - product ion capacity. 
Of course, complete data on all variables do not exist in 
all the cases. For example, there are a lot of empty spaces in 
the columns of "relative advantages". Bevertheless, a high 
enough quantity of such data was collected to use statistical 
approaches for their analysis. 
3. FIRST ADOPTERS AND FURTHER DIFFUSIOB 
The first case of a FMS installation, registered in our data 
bank, was the Sundstrand Aviation (Rockford) system, installed in 
196s2 C271 for pump parts and aircraft speed drive housing 
production. In 1969/1978 another US company, Ingersoll Rand, 
installed its first FMS, and the Heildelberger 
Druckmaschinenfabrik did the same for printing press precision 
parts production. 
Before 1976 eight Japanese companies (Fuji Xerox - 1972, 
Hitachi Seiki - 1972, Toyoda - 1972, Y a m r  Diesel - 1972, Toyota 
- 1973, Yamatake Honeywell - 1974, Fanuc - 1974, Kawasaki Heavy 
=An alternative estimate is 1967 C101. 
Industry - 1975) had installed FHS neinly for car engine and 
mechine tool parts production. There were four US first 
adopters, which used FHS mainly for cast iron truck/tractor parts 
production. Among the Eastern countries the GDR was one of the 
first adopters, according to the rather limited informetion we 
have got in the data bank. The FWS installed in 1972-1973 (7 
October, Fritz Hekert, Herlpan Xateen and Verkzeugmaschinen- 
kombinat) were used for mechine tool parts production. 
A wider diffusion of FWS began after the 1974-1975 recession 
in Vestern countries and the annual number of installations was 
growing up to 60 in 1985 (see Figure 1). The incomplete 
preliminary data for 1987 do not demonstrate a change in this 
tendency, because the coverage of the inventory for these years 
does not exceed 50% of real installations. 
The geographical distribution of FMS, installed up to 1987, 
is demonstrated in Figure 2. The main users of this technology 
are the USA and Japan. In reality there are more FMS installed 
in the Japanese industry than in the US industry, but in our data 
bank not all Japanese cases are represented (73 systems). Ve 
also think that more British cases are taken into consideration 
than actually exist. This is due to the use of several different 
sources, sometimes without clear system identification. Some 
companies provided data without their names or vendors. This is 
why the share of the UK is considered to be overestimated. 
Generally speaking, it is possible to define a group of main 
FMS users (approximately 50-100 FMS installed). 
There is Japan, the USA, the USSR (not shown in the bank), 
the UK, the FRG and France in this group. The second group 
includes countries with approximately 10-20 FMS in use: the CSSR, 
Finland, the GDR, Italy, Sweden. Finally, there are several 
newcomers -- countries which adopted FWS for the first time at 
the beginning of the 1980's. 
4 .  APPLICATIOB 
As in the cases of the first adopters, the majority of FWS 
in the world are used in a few metalworking industries: 
transportation equipment, non-electrical and electrical 
machinery. Among the approximately 300 FXS identified according 
to 3-digit industries of application, 50% were used in 
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Figure 2.  Percentage distribution of  FMS insta l led  by countries. 
transportation equipment production, meinly for iron cast parte 
such as cylinder blocks, differential and gear boxes, as well as 
for steel parts (valves, crank shafts). 
The second main user in this industry is the high-tech 
aerospace industry where FMS are used for precision production of 
rotational and prismatic parts (fixtures, control systems, jet 
parts). There are also several PHS in locomotive production and 
ship bui ldlng. 
Another FMS user is non-electrical machinery where 30% of 
the systems are allocated. They are used for machine-tools 
production (rotational parts and cast iron boxes), agricultural 
and construct ion mechinery, etc. 
The specific features of F S  use in these two 3-digit 
industries are as follows: 
- rather big cast iron, steel, aluminum parts with rotation or 
prismatic forms; 
many surfaces to be developed; 
limited product variation (flexibility); 
limited batch size; 
high precision in some cases. 
The third 3-digit industry, electrical machinery (including 
electronics) owns 15% of the FMS installed. They are mainly used 
in electronics: electronic components, fixtures for electronic 
goods production, consumer electronics. 
There are some exceptions to the use of FMS in this 
industry. These FMS are applied for electrical machine parts 
production, such as rotors, fixtures, etc. These systems are 
similar to the ones used in non-electrical machinery, but their 
share in the total number of FKS in the industry is very low. 
Finally, 6% of all FMS are used in the precision instruments 
industry. The main fields of their application are electrical 
control devices, optics, etc. 
There are some common features of the use of FMS in these 
two industries, namely: 
- micro and mini-parts; 
- high accuracy of assembling; 
- high precision of electronic components; 
- big batch size; 
- highflexibility. 
Though such a division is conditional (sometimes FMS are 
used for precision mini-parts production in non-electrical 
machinery, and vice versa, or big rotors and other rotational 
parts for electrical machines are produced by FMS in electrical 
machinery) we have, for further analysis, clustered all FMS 
described in our data bank into two parts: heavy machinery (non- 
electrical machinery and transportation equipment) and precision 
production (electrical machinery and electronics as well as 
instruments). 
Among the 375 identified cases, 83% were defined as FNS for 
machining, 12% for manufacturing, only 5% for assembling, and 
less than 1% for metal forming. 
5. TECHB I CAL COMPLEX I TY 
The technical production complexity of a FMS can be 
described by a number of machining centers (NC) or a total number 
of BC-=chine tools (BCNT) and by a number of robots used in the 
system. The complexity, connected with transportation / 
communication within an FMS, storage, quality control / 
inspection depends on the types of the respective systems. 
Iormlly a FMS includes one or more multi-functional NC. A 
most typical configuration (see Figure 3) has 2-4 canters. It 
applies to 56% of the 272 systems with WC. Another group of FMS 
has 5-8 machining centers each. Its share is 28%. One can 
observe that there are 28 systems with more than 8 HC, and only 
15 systems have one center supplemented by other BC-machines. 
Such systems, as, e. g. Hazda (1987), Fanuc (1981) and 
Yamazaki (1983) (all in Japan) include 21, 23 and 27 machining 
centers, respectively. The technically most complicated FMS for 
car engine assembling, installed by Fiat Auto in Termoli, 
includes 72 automatic stations for complete cylinder-block 
assembly. 
Some FMS are based on HC use only, but in other cases the 
centers which usually substitute for drilling, milling and boring 
machines are accompanied by BC turning, grinding and other 
machines. The distribution of the FNS by the total number of BC 
machine tools (including HC) is shown in Figure 3. 
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The first group (41% of the total) includes rather primitive 
syste= with 2-4 BCHT. The second group (40%) includes 
sophisticated FNS with 5-10 BC machine tools. The residual 19% 
represent very heterogenous systems with more BCKT, up to the 
case of 38 CBC-machines installed at the Yamazaki plant. 
Totally, five FNS (or 1.6%) use more than 25 NCHT. 
According to the collected data the use of industrial robots 
(IR) was shown only in 64 cases and 17 FXS included 1 robot. 
Twenty systems use 2 or 3 industrial robots, four systems use 4 
or 8 robots. There are several FXS with 13 and more IR. Three 
companies (Casio, Toshiba -- both in Japan --, and IBH in the 
USA) have FXS with 70, 72, 77 industrial robots, respectively. 
All of them are used for electronics production. 
The main conclusion that can be drawn from these data is 
that the majority of FMS in use are relatively simple from the 
viewpoint of production-technical complexity. 
Approximately 30% of the 181 FNS, where there is information 
on transportation systems, use a traditional conveyor or crane 
connection between the working places, BC-machines, production 
and storage areas. The other 70% have automated guided vehicles 
or computer-controlled carts. 
Data on storage systems were reported only in 42 cases. 37 
(or 82%) FMS used an automated storage and retrieval system and 
only in 5 cases a computer-controlled warehousing system was 
installed. 
The same situation is encountered for information on 
inspection systems -- we could collect only 33 cases with such 
data. In 25 cases a manual or automated measuring and/or final 
inspection was reported. In 8 cases (4 of them were shown in 
Finnish FXS) there was an automated maintenance and monitoring 
system. 
The data on these three supplemented system show that only 
the transportation system is sufficiently developed, the storage 
and inspection systems are rarely sophisticated. 
6. ECOBOMIC AND OPERATIOB DATA 
About one half of the cases on our data bank consists of 
information on the cost of a system, usually in national 
currencies. These data have been recalculated into US dollars 
according to the exchange rates of the years of installation. As 
shown in Figure 4, the FWS price does not exceed 50 million 
dollars, and the majority of the FNS (9'7%) cost less than 20 
million dollars. 
Looking at more detailed data, it will be found that 15% of 
the FWS cost 1 million dollars and less, 24% from 1 to 2 million, 
and 16% from 2 to 3 million dollars. This means that =re than 
50% FXS cost no more than 3 million dollars. 
Among the observed cases one can find several FXS with very 
high investments. Approximately one tenth of the US systems cost 
18-25 million dollars, the Wesserschmidt FNS investment also 
reached 50 million and the total investments in the Italian FIAT 
automated assembly plant for the FIRE engine were about 300 
million dollars. 
The international comparison shows that European FWS are 
usually relatively cheap, especially in the Scandinavian and East 
European countries. 
In spite of the high price of FWS in comparison with 
conventional equipment, the pay-back time was reported in 44 
cases as relatively short (from 2 to 4 years in the majority of 
the cases). A seven-year peak appeared when a set of 
Czechoslovak data was taken into consideration (see Figure 5). 
This distribution can be treated as close to normel, but we 
suspect that in reality the observed maximum of the normal 
distribution curve (4 years) may be slightly shifted. There are 
two reasons explaining this shift. The looser's propensity to 
report on their failures is very low, and, furthermore, the 
majority of the FXS have not yet passed through a pay-back 
period, and its advance estimation is not very reliable. 
The FWS flexibility, illustrated in Figure 6, is expressed 
by a number of products produced by each system. In spite of a 
very wide spectrum of the data, the majority of the cases are 
within a concentrated, narrow area -- 38 products and less. 
One third of the FXS produced no more than 10 products, in 
14% of the cases they produced from 11 to 20, and in 10% from 21 
to 30 products. 
There are several highly flexible systems in the data bank. 
For example, the British Aerospace FHS produces 2800 variants of 
smell aircraft structural parts by batches of 5 to 18 units each. 
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Figure 6. FMS flexibility (FMS distribution over number of 
products) . 
One Toshiba FHS produces 3000 variants of switch boxes and 
another smell components with 1-20 units a batch. Still another 
FKS of the same company has a flexibility of 4000 milling cutter 
bodies with batch sizes from 2 to 20. 
The leaders in flexibility are two Czechoslovak systems 
producing 5000 variants of parts with a maximum batch size of 
300, and 40 on the average in one case, and 2000 <maximum)/260 
(average ) in another. 
The batch-size distribution (see Figure 7 )  shorn that in the 
majority of the cases (60%) the size ranges from 1 to 50 parts in 
each batch. Bine FMS out of 89 cases produce 51-100 parts, six 
produce 101-299 parts, and eight produce 200-500 parts. Haximal 
batches for certain parts reach sometimes 5000 units and the 
average is 2000 units. Almost all of such cases were reported by 
Czechoslovak and GDR FMS. This does not mean mass production by 
nature, but production of rather simple parts. 
As is shown in Figure 8, the operation rate of FMS is much 
higher than that of conventional equipment. More than 60% of 
them are in use during 3 shifts a day, and 5 or 8 days a week. 
Sunday shifts and sometlmes 2 shifts on Saturdays are usually 
used for servicing. 11% of the systems work between 2 and 3 
shifts a day (usually 2.5) and 22% during 2 shifts. The third 
shift is normally used for servicing or setting up of a system. 
Only 6% of 115 PKS are used less than during 2 shifts a day 
(1-1.5), which means either unsatisfactory performance of such 
systems, a lack of demand for their products, or a low capacity 
utilization rate. 
In spite of the very high average operation rate, only 44 
cases with unmanned operation were reported. Among them 12 FMS 
could work automatically during 0.5, and 29 during 1 shift a day. 
Two systems operated without human interference during 2 shifts 
and one (Biigata Internal Combustion Engine Plant) was used 21 
hours a day in the unmanned regime (with a total operation rate 
of 3 shifts a day). 
7 .  RELATIVE ADVABTAGES OF FMS 
The total production time can be divided into several sub- 
periods, namely: 
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- set-up ti=, which is necessary for setting up equipment to 
prepare a eyrtem for a new part production; 
- in-process time, which is spent for part production from a 
first operation up to final operation; 
- machining time, in which equipment is used for the part 
product ion ; 
- lead time is the period from the order to the delivery to a 
customer. 
Unfortunately a very limited number of data bank cases (26- 
45) consists of the information on time reduction, but the number 
is still sufficient to estimate the most typical reductions in 
comparison with conventional technologies. The set-up time 
reduction has been reported for 26 FHS, 19 of them were 
Czechoslovakian FMS (see Figure 9). In two Canadian cases there 
was no SUT reduction. One Japanese and one Dutch FWS reduced 
this time by a factor of 4, a US company reported a reduction by 
a factor of 6, and for the Remington FHS this reduction was shown 
to be 12. The most typical SUT decrease was between 1 and 2 
(less than 50%). 
In-process time (see Figure 10) was 50% and less in 20 FHS 
(two third of 33 reported cases) as compared to conventional 
technologies. Among these 20 FHS, fifteen systems are installed 
in the CSSR industry. Four FMS demonstrated a reduction equal to 
2-3. The other cases show different results. The maximum cycle- 
ti= reduction (24) was reported for the General Electric FHS, 
manufacturing motor frames and gear boxes for locomotives. The 
machining time reduction was shown only in 26 cases (see Figure 
11) and was not so high -- in 22 cases it did not exceed 1/3. 
For two FMS this reduction reached 2.5-2.7, and the Anderson 
Strathclyde FHS (UK), producing parts for mining machinery, 
demonstrated a machining time decrease by a factor of 10. 
In 45 cases we have collected data on lead-time reduction, 
which is one of the most important indicators of FWS flexibility. 
In 17 cases the LT decrease was 50% or less, among them 13 FHS 
belonged to the CSSR industry. The next 19 cases had a LT 
reduction by factors of 3-5 and there were several systems with a 
higher reduction (see Figure 12). The most exotic case was the 
Vestinghouse sheet-metal FIE for punching, marking and shearing 
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Figure 12. FMS distribution over lead t :ime reduction. 
of panels, where the lead-time reduced from 2-3 weeks to 30 
minutes. 
The ti- reduction, when using an F B ,  influences the 
logistic elements of production at a high rate. Ve analyzed two 
types of such elements -- work-in-progress and inventory changes, 
which, in their turn, play an important role in the total 
production cost formation. 
Almost all cases of VIP,reduction in our data bank were 
reported by three countries: the CSSR, Finland and the UK. But 
in the first group (see Figure 13), where the reduction did not 
exceed 50%, the Czechoslovak share was very high -- 12 out of 17 
cases. 
In 7 Finnish FWS the VIP was cut by a factor of 4 on the 
average, and Valmet's system recorded the maximum reduction by a 
factor of 10, which was also recorded in the case of the British 
FMS, installed by Victor Product for manufacturing connectors. 
On the average the reduction in 14 British FMS was by a factor of 
4. 
Inventory reduction was reported only in 23 cases (see 
Figure 14) and the distribution is as follows (mainly for Finnish 
and British systems). The average reduction was 75%, or by a 
factor of 4, which was typical for 40% of the cases. The highest 
decrease (90%) was reported by a Finnish company -- Palomex. 
Almost in all observed cases inventories were reduced by factors 
of 2-5 in comparison with conventional technologies. 
Exact estimates of the personnel reduction can only be made 
under the condition that there is a strict comparison between 
conventional and flexible production technologies. This means 
that the results illustrated by Figure 15 are very approximate. 
The average decrease in personnel for 20 Czechoslovak FWS 
was only 36%. At the same time the number of persons was reduced 
by a factor of 3 (or 673) for 7 Finnish and 8 Dutch systems, and 
by a factor of 6 (or 83%) for 16 Japanese systems. The majority 
of the cases show a reduction by factors of 2-4, but the Swedish 
company AB SKF reported that after the FMS installation for ball- 
bearing production two operators substituted for 200 workers at 
the old manned line, at a higher production. 
A productivity increase of no more than by a factor of 2 was 
the m s t  typical for 33 FWS <see Figure 16), where these data 
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Figure 16. FMS distribution over increase in productivity. 
were reported. There are some exceptions showing a higher 
productivity growth in the GDR, Finland and the CSSR. The 
highest achievement was 5.6. The production capacity increased 
by 50% on the average. 
The composition of the different FXS advantages mentioned 
above is to lead to the product unit cost reduction (UCR). But 
only in 11 cases < 5 for the USA, 2 for the FRG and the CSSR, and 
1 for the UK and Finland) were the quantitative data on UCR 
reported. The average value was 2, but in 6 cases the unit cost 
reduction was between 1.1 and 1.4. The highest reduction, equal 
to 5, was reported for the Borg Warner FMS (USA), which was 
installed by Coman for machining of crankshafts, heads, and 
compressors. The exclusion of the case pushes the average figure 
to a value of 1.7. 
According to this analysis F I E  usually demonstrate strong 
advantages in comparison to conventional technologies. 
Exclusively high achievements can be explained, as a rule, by 
specific types of product ion (small parts, metal-f orming 
processes, etc.). But we think that only successful appliers 
reported these data. This is why the real advantages are usually 
less impressive. 
8 .  CORCLUS I OBS 
The portrait of a "typical FWS" is as follows: 
- It is used in transportation equipment or general machinery 
production, mainly for prismtic cast-iron parts or 
rotational steel parts. 
- Such an FHS includes 2-4 machining centers or 2-10 
numerically controlled machine tools (including centers), 1- 
3 industrial robots. 
- The supplementary systems are AGV or computer-controlled 
carts for transportation, autonmted storage and retrieval 
systems and automated measuring inspection systems. 
- The cost of such a system is 1-3 million US dollars and its 
pay-back time is 2-4 years. 
- The FNS flexibility is 30 and less products produced at a 
batch-size of no more than 50 units. 
- The operation rate is very high -- 3 shifts a day, but 
usually no more than 1 shift in unmanned regime. 
- Set-up, mmchining, in-process and lead time are reduced by 
factors of 2, 1.3, 2 and 2-4, respectively. 
- The average reductions of work-in-progress and inventories 
are by factors of 2-3 and 4. respectively. 
- The personnel reduction and productivity increase are 
between 1.2 and 2.0. 
The current diffusion of FWS in the metalworking industries 
is mainly based on the introduction of these typical systems, 
which have already passed the main part of their learning curve, 
and a sufficient experience has been accumulated by producers and 
users in dealing with the systems. 
Among the new directions of FKS implementation, which will 
increase the diffusion rate in the future, the following can be 
mentioned: 
- Hew adopters by countries and industries, as for example 
BIC, electronics, furniture, textile, chemical industries. 
- Bew areas of application -- assembling. 
- Bew technological components within FWS: laser measurement 
and cutting. electronic beam and plasma cutting, etc. 
- Sophisticated transportation, inspection within FWS and 
control systems outside FMS. 
Among the collected data one can see examples of advanced 
FWS having-much higher costs, flexibility, and technical 
complexity. Their future diffusion will depend on the decision 
of some technical and managerial problenrs. 
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I Q I ETRODUCT I OH 
The correlation estinmtes and analyses for the main FWS 
features are presented in this Vorking Paper, on the basis of a 
488 FWS Vorld Data Bank described in C21, 
All the variables from the Bank were aggregated into several 
groups: 
1. FMS cost; 
2. Flexibility (number of product variants and batch sizes); 
3. Time reduction (lead ti=, set-up time, in-process time); 
4. Logistic features (work-in-progress and inventories 
reduction); 
5. Personnel reduction and productivity growth; 
6. Technical complexity; 
7. Pay-back ti=. 
All relative advantages (in comparison with conventional 
technologies) were measured by factors of their reduction or 
growth. Therefore, a variable change leading to a lower relative 
advantage does not mean that the FWS is less effective than a 
conventional technology. It only means a lower advantage. 
The reliability of any figure in the Bank is affected by the 
difficulties of measuring or due to possible misinterpretation. 
But the use of a relatively big number of observations for each 
variable leads to higher reliability of a general estimate or 
conclusion. 
On the other hand, even if we have a lot of observations, 
the specific national or technical features dominate somtimes in 
such a sample. The only way to overcome such an obstacle is to 
purify the data from the special peculiarities by the use of the 
clustering approach. 
laturally, some results provided in this Vorking Paper are 
statistically not sufficiently confirmed and the collection of 
data and their purification will be continued. The following 
FWS-specific advantages have to be taken into consideration: 
1. Higher flexibility (smaller batch size, higher product 
variation, shorter lead-tima) ; 
2. Lower production cost (labor reduction; operational capital 
cost reduction, including inventory reduction, work-in- 
progress reduction, energy saving, etc.; fixed capital 
reduction, including a lower number of machine-tools, floor 
space saving, cheaper warehoume myst.=, etc. > ; 
3. Higher product quality (production of new goods with higher 
quality, lower rejection rate for conventional products>. 
On the other hand, an economic analysis must include the 
comparison of the advantages with negative FWS features such as: 
- higher investnnts in equipmnt and labor force (for 
retraining and education); 
- higher technical complexity and consequently higher 
sensitivity to technical reliability of the sophisticated 
machines and supporting systems; 
- high costs during the pioneering implenrentation period and 
while following the "learning curve"; 
- new social problems and obstacles. 
The following analysis includes the majority of the factors, 
but not all of them. Quality and reliability problems are out of 
consideration. Social aspects are considered in [ 3 1 .  The 
results have to be interpreted only in the sense of statistical 
correlation, casual relations are mentioned in some cases. 
2. COST-EFFECT ANALYSIS 
There is only one column in the Bank reflecting FWS "cost" 
data, i.e. investments measured in US dollars. On the other hand, 
there are several sets of "effect" data. It is possible to 
divide these data into the following groups: 
1. Time reduction (lead time, set-up time, in-process time 
and machining time); 
2. Logistic figures (inventory and work-in-progress reduction); 
3. Operational data and pay-back time; 
4. Personnel reduction and productivity growth. 
A direct correlation between the cost and the effects 
usually showed indefinite clouds of points, or rather 
contradictory tendencies. This necessitated the use of the 
clustering approach to obtain a reasonable correlation. Several 
variables were used for clustering: investments, industries of 
application (machinery and transportation equipment versus 
electronics and instruments), types of FWS (machining, metal- 
forming, assembling, etc. ) and in some cases countries, when we 
were not quite sure of the reliability of the investment or 
exchange rate data. 
E. g., the F E  distribution over the investment costs shown 
in Figure 1 demonstrates that the total FMS population can be 
divided into two large groups: "cheap" s y s t e ~  costing less than 
four million dollars, and "expensive" ones costing more than four 
million dollars. 
More detailed clustering is not reasonable because of the 
lack of statistical data on some "effect" variables for small 
groups of the FWS. 
All data on investments were recalculated into US dollars, 
according to the official overall exchange rates for the years of 
FILS installation. All "effect" data were measured in relative 
terms (by the factor of increase or decrease). 
A. Lead-time reduction over investments 
Because of the unapproximated cloud of points for all data 
(see Figure 2 ) .  we clustered this relationship in two ways: by 
cost and by two industrial groups. 
For all the cases of "cheap" FKS (where invest-nts were 
between 0 and 4 million dollars), a certain negative slope was 
observed (see Figure 3). The corresponding approximation 
function is as follows: 
LTR = 6 . 0  - 1.01 Invest 
where : Invest - investAnts (million dollars) 
LTR - lead-ti- reduction 
However, the statistical reliability of the approximat ion (dashed 
line) was not very high. The T-statistics of the slope 
coefficient did not exceed 1.3, R2 was here, as well as in other 
cases, usual 1 y between 0.6 and 0.8. 
On the contrary, for the "expensive" FKS one can observe a 
rather strong positive correlation between invest-nts and lead- 
time reduction (see Figure 4). The linear approximation function 
is as follows: 
LTR = -0.6 + 0.46 Invest 
The same estimtion rmde for FWS installed in the mechinery 
and transportation equipment industries (the majority of all 
cases) demonstrates the same two tendencies (see Figure 5 ) .  
The rmin conclusion is as follows. For "cheap" FNS the cost 
does not affect the lead-time reduction, but for "expensive" 
systems with investments exceeding 4 million dollars a high cost 
leads to a higher reduction of lead-time. 
B. Setrup time reduction over investments 
The relation between set-up time reduction (SUTR) and 
investments is very similar to the relation between lead-ti- 
reduction and investments described above. The analysis of the 
total set of the data (see Figure 6) shows that there are two 
clusters in the relationships. 
For cheap FNS a weak relationship (negative slope) is 
demonstrated. At the s a w  ti-, for PHS which cost mare than 3-4 
million dollars, a strong positive correlation is observed (see 
Figure 7 ) .  But the average values of SUTR are the same for these 
two c 1 usters. 
The approximation regression function for Figure 7 is: 
SUTR = -1.0 + 0.52 Invest 
C. In-~rocess and machininx time reduction over investmnts 
The investment data were clustered into the same two groups 
(lare or =re than 4 million dollars) after ua had analyzed the 
dependence of in-process time reduction (IPTR). Again, foracheap 
FIE (see Figure 8 ) .  the costs of a system did not influence IPTR, 
and also for expensive FIE a positive slope was identified (see 
Figure 9). 
The approximation equation for Figure 9 is as follows: 
IPTR = -5.0 + 1.15 Invest 
Finally we could not identify any correlation between 
machining time reduction (MTR) and FKS costs. All the data were 
randomly spread around the average WTR value equal to 1.3 (see 
Figure 10). The latter result s e e s  to be rather reasonable as 
the relative increase of machining time of an FKS only depends on 
a higher operation rate, but not on investaents. 
D. Lostistic impact of FMS costs 
The lack of observations with regard to inventory reductions 
( I W R )  did not permit to cluster the investments data, but the 
total correlation, shown in Figure 11, is rather vague. For 
cheap FKS a certain negative slope is observable, but four 
available observations of expensive systems are not enough for a 
statistical identification. 
As in the case of some tiae reduction variables, the 
dependence of the work-in-progress reduction (VIPR) on FIE 
investments also has a V-shaped form. Clustering of this 
relation on FIE costs demonstrates a statistically weak negative 
slope for cheap FWS (tee Figure 121, and a positive correlation 
between these two variables for expensive s y s t e ~  (see Figure 
13). The cost correlation can be approximated by the following 
regression equation: 
VIPR = -0.73 + 8.34 Invest 
E. Operational data and pav-back ti- 
According to the data for 115 PHS, 72% of then are working 
during 3 shifts a day, 24% during 2 shift6 a day and 4% only in 
one shift per day. Investment clustering (with a limit of 4 
million dollars) shows that the operation rate for expensive 
systems is higher than for cheap ones. 74% of the expensive FMS 
are working during 3 shifts per day and 26% during 2 shifts. 
A m n g  the cheap FMS, 53% are usbd during 3 shifts a day, 42% 
during 2 shifts and 5% only in one shift a day. The average 
operation rate for expensive PXS is 2.7 and for cheap systes it 
is 2.5 shifts a day. 
It seems that, in spite of the more complicated management 
and work schedule arrangement, expensive systelns are used more 
intensively to reduce their pay-back time. 
Pay-back time (PBT) is one of the most important figures for 
FIIS efficiency assessment. Its dependence on the cost of an FMS 
is positive (higher investments lead to a longer pay-back time), 
see Figure 14. But the approximation function looks exponential, 
with an upper boundary equal to 8-9 years. 
F. Personnel reduction and productivity nrowth 
There was no statistically strong correlation between 
personnel reduction (PER) and FIIS costs observed for cheap 
systems, although a certain negative slope in approximation 
tendency does probably exist (see Figure 15). On the other hand, 
as in many cases mentioned above there is a positive correlation 
between these two variables for expensive FXS (see Figure 16). 
The linear approximation has the following form: 
PER = 0.61 + 0.18 Invest 
The same dependency applies to productivity growth (PRG,: a 
negative correlation between PRG and FXS costs for cheap systems 
and a positive correlation, but with a lower absolute value of 
the coefficient, for expensive systems (see Figures 17, 18, 19). 
The proposed cost-effect analysis leads us to the following 
general conclusions: 
- The most effective syste~m are the cheapest ones (around 1 
million dollars). 
- Hediwclass FHS which cost 3-4 million dollars are the 
least effective. 
- Only very large investments provide the same FNS efficiency 
as the cheapest systems have. 
The most typical approximation of the cost-effect 
correIation is shown in Figure 20, but the statistical 
reliability of the first part of the approximation is not very 
high. 
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3. FACTORS AFFECTIBG LEAD-TI)[E REDUCTIOIII 
The flexibility of an PNS as m l l  as the reduction of 
production costs through the application of an FXS can k 
reflected by a lead-tiae reduction (LTR). Lead-time covers all 
operations from order to delivery of a part to a customer. It 
includes set-up time, production tine, distribution ti=, etc. 
A chorter lead tip. m a w  a faster reaction of a production 
system to changing demnnd. On the other hand, a shorter lead- 
time also means lower production coots, overhead expenses, and 
capital and labor saving. 
The analysis of the interdependencies between LTR and other 
fratures of PNS allows us to define the main factors affecting 
this inportant indicator. 
A-ng the different reductions in the production stages 
collected in the FIG data bank only set-up time reduction (SUTR) 
was significantly correlated with LTR (see Figure 21). The 
linear approximntion is as follows: 
LTR = 0.5 + 0.73 SUTR 
This means that a higher oet-up time reduction usually leads 
to a higher lead-time reduction, but higher reductions of in- 
process time or machining time are not followed by a proportional 
reduct ion of lead time. 
A rather strong hyperbolic type of relation between batch 
Size and LTR is observable in Figure 22. Such a relation s e e s  
to be economically reasonable. When different parts are produced 
by rmnll batches with frequent replaceaent, the use of 
conventional technologies leads to a longer wt-up time and lead- 
tine as a whole. 
This is true only for P1(S with a relatively small batch 
size-production -- from 0 to 100 or 200 units in one batch (78% 
of all FIG>. For system with a large batch-size production (1- 
5 thousand units per batch), which are encountered in oone GDR 
xmchinery system as m l l  as in electronics production, we could 
not find any statistically reliable relation ktween these two 
variables. 
The nmber of product variants <PV) produced by an FIG also 
af fectr the lead-ti= reduction <see Figure 23). But the results 
we had obtained for FNS with PV equal to 0.2-2 thousand variants 
demnstrated no reliable tendencies. Noreover, the average LTR 
for FNS with high PV was lower that for mystepp with low PV. 
This m a n s  that in cases of low variability of products (85% of 
the total FHS number have PV of no =re than 200 units) the 
variability increase leads to a higher lead-ti= reduction. An 
additional increase beyond 200 unite does not affect the LTR. 
The data presented in Figurer 24 and 25 show a negative 
inf luence 'of the number of mchining centers (HC) or BC-machine 
toolr, including HC (PCIIT), on the lead-ti= reduction. The 
poseible reason for these results is as follows: 
A higher number of HC or BCHT is uruallp connected with 
an increased technical complexity of the developed 
parts. The latter factor restricts lead-tim reduction 
at an average level (by a factor of 4 ) .  
The lack of observations concerning inventory reductions 
(IBVR) does not permit to reveal any statirtically reliable 
tendency for the LTR - IBVR relation (see Figure 26). There are 
only 14 cases in the data hank, where both variables are 
represented. 
But for the case of a work-in-progress reduction (VIPR) 
there are a lot of data, and one can observe a fairly strong 
positive correlation between the VIPR and the lead-time reduction 
(see Figure 27). The linear approxiamtion is as follows: 
LTR = -0.86 + 1.85 VIPR 
and the correlation coefficient exceeds 0.9. This does not mean 
a casual influence, because both variable6 can be driven by an 
external reason. 
The operation rate also influences the lead-ti- reduction. 
In the PXS which are used during 2 shifts per day there was an 
average LTR by a factor of 2.6, and in the systems which are used 
during 3 shifts a day the corresponding figure was 4.4. 
It is possible to conclude that higher set-up time 
reduction, flexibility (higher product variation and lower batch 
size), and work-in-progress reduction will usually provide a 
higher lead-ti= reduction. On the other hand, technically more 
complex systems with a higher number of mnchining centers and BC- 
nachine tools usually have a lower lead-ti- reduction. 
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4 .  FLEXIBILITY OF FlIS 
There are two principal variables in the data bank 
reflecting FMS product ion flexibility: the number of product 
variants (or the part family) and the batch size. Baturally, 
these have to be interconnected in the following way: a higher 
product variation usually means a smaller batch size and vice 
versa. 
In general so= negative relation is observable, but it is 
difficult to retrieve any approximation which would be 
statistically significant. This is why we tried the clustering 
approach, dividing the product variation (PV) into the following 
five subsets: 
- from 0 to 14 
- from 15 to 40 
- from 41 to 80 
- from 81 to 150 
- from 151 to 1000 variants. 
These empirical boundaries are rather flexible because, for 
example, there was no observation between 40 and 50, 80 and 100,. 
150 and 300. For each of the clusters the correlation between 
the batch size (BS) and the product variation was approximated by 
hyperbolic-type curves (see Figure 28). This means that the 
function holds true for different types of production, but not 
for all FMS in use. 
The influence of FWS flexibility (measured as PV and BS) on 
systems features was assessed by taking the clustering approach 
into consideration. 
The set-up ti- reduction is affected by the product 
variation in two ways. Vhen the PV changes from 0 to 208-300 
variants, the set-up time reduction goes down, but afterwards a 
positive correlation is observed <Bee Figure 29). 
Alnnst the same approximation curve was obtained for the 
correlation between inventory reduction and product variation 
(see Figure 30), but it was estimated in the PV interval from 0 
to 200, and the turning point was between 30 and 50 product 
variants. The increase of product variations from 0 to 288-300 
leads to a drastic decrease of work-in-progress reduction, but 
afterwards the approximation line is horizontal (see Figure 31). 
The same turning point appearo in the correlation between 
productivity growth and product variation (see Figure 32). Vhen 
the PV increases from 0 to 200, the productivity growth drops to 
a factor of 1.4, and afterwards increases again up to a factor of 
3 for those systems producing 1.3-1.5 thousand product variante. 
Our analysis of the impact of batch size covered only really 
flexible FMS, where the BS did not exceed 380 units per batch. 
For the impact on set-up time reduction, in-process-time 
reduction and productivity growth we found that there were 
negative correlations between the three variables and the batch 
size until the latter factor exceeded 40-50 units (see Figures 
33, 34 and 36, respectively). After this point we found no 
impact any more. 
Practically, there is no batch size influence on machining 
time reduction, which fluctuates from 1.1 to 1.6, independently 
of batch size (see Figure 35). The growth of production capacity 
dropped from 2.0-2.3 to 1.2, while the batch size increased from 
1 to 100 (see Figure 37). 
After the exclusion of three Czechoslovak FHS with unusually 
long pay-back times we found +ha+ n batch size increase of up to 
300 was connected with a certain growth of FMS pay-back time (3-4 
years on the average), see Figure 38. 
Generally speaking, it is possible to postulate that the 
efficiency of FMS producing less than 100 product variants is the 
highest. The next peak, which is lower than the first one, is 
reached only for "superflexible" systems with product variants of 
more than one thousand. An increase in batch size usually 
corresponds to a deterioration of the relative advantages of FMS. 
But here it is necessary to take one important aspect into 
consideration. Ve have collected the average data on PV and BS 
for real modes of production, but not on the potential 
flexibility of the systems, which is reported to be much higher. 
This m a n s  that these two indicators (PV and BS) are usually 
chosen under real production conditions and have to be treated as 
exogenous for FMS use. Thus the optiml flexibility depends more 
on production conditions than on FMS potential features. If an 
FHS has to respond to irregular orders, BS and PV will be 
dictated by a customer. But if it is used for regular 
production, the BS and the number of set-ups are chosen by the 
enterprise decision makers to provide an optimal pattern (for 
example to minimize work-in-progress and to reduce unit cost). 

SUTR 
PV, in thousand units 
Figure 29: Set-up time reduction (SUTR) over product variations (PV) 
INVR 
PV, in units 
Figure 30: Inventories reduction (INVR) over product variation (Pi') 
11 9110 100 REfl 
PV, in units 
Figure 31: Hork-in-progress reduction (TIIPR) over product variation 
PV, in thousand units 
Figure 32: Productivity growth (PRG) over product variation 
SUTR 
IPTR 
BS, in units 
Figure 33: Set-up time reduction (SUTR) over batch size (BS). 
O 
n M 80 1 10 t 80 POD Z U I  110 
BS, in units 
Figure 34: In-process-time reduction (IPTR) over batch size (BS) 
BS, i n  u n i t s  
Figure 35: Machining time reduction (YTR) over Batch s i z e  (BS) 
PRG 
BS, i n  u n i t s  
Figure 36: Productivity growth (PRG) over batch s i z e  (BS) 
PRC 
BS, in units 
Figure 37. Production capacity (PRC) over batch size (BS) 
I 
PBT, in 
years 
5 
BS, in units 
Figure 38: Pay-back time (PBT) over batch size (BS) 
5 .  TECHBICAL COWPLEXITY OF FNS 
There is no universal criterion of the technical complexity 
of FNS. Several indicators of the complexity have been collected 
in our data bank. Among them are: the number of mnchining 
centers (HC), the number of BC-machine tools (BC), the number of 
robots <ROB), and the types of transportation <TR), storage (ST 
and inspection (IBS) system in the FIE. The last three 
variables were indicated as dichotomic: (1) for simple systems 
and (2) for sophisticated ones 121. 
The attempts to find etatistically reliable, separate 
correlations between these indicators and other FMS features were 
usually a failure. This is why a combined indicator of the 
technical complexity was elaborated. The first accepted 
hypothesis is a thst higher complexity is connected with higher 
FMS costs. The second one is that if there is no information on 
IR, the number of robots is zero. The third hypothesis is that 
in case of missing data on TR, ST and INS these were considered 
to be 1.8 (1. e. simple systems). Finally, several "extra" FMS 
used outside the typical types of production and industries were 
excluded from consideration. 
The following linear regression equation was estimated for 
315 FMS where data on MC and NC were available: 
Invest = a-MC + b.BC + c-ROB + d-TR + e-ST + f- INS 
+ g. DUWUS 
where 
Invest - investments in million US dollar; 
DUWUS - d u v  variable = 1.8 for the US cases and 8 for 
other syste=; 
a, b, c, d, el f , g - regression c w f  f icients. 
Coefficients "e" and "f" were statistically insignificant 
because only few FNS had sophisticated storage and inspection 
systeps. DUWUS were used to purify the relationship from the 
extremly high costs of the US F1IS. The other coefficients were 
used to construct the technical complexity indicator <TC) a s  
f 01 lows: 
TC = 0.7 1IC + 0.35 BC + 0.3 ROB + 0.3 TR 
The relative weights of the independent variables 
approximtely correspond to their cost shares, but -- due to the 
procedure described above -- the technical complexity does not 
coincide with FHS costs. The FHS distribution over TC is shown 
in Figure 39. 
This distribution shows that 58% of the cases in the FHS 
sample set can be treated as rather simple systems with a TC of 
less than four. 36% of the FHS are in a middle range and their 
technical complexity is between 4 and 10. And only less than 6%, 
or 18 systems, belong to a technically complex type with a TC of 
more than 10. This corresponds to the results of the FHS 
distribution analysis in [21. According to this analysis (we 
should like to remind the reader), a most typical FHS includes 2- 
4 machining centers, or 2-7 BC-machine tools (including MC), and 
60% of 64 FHS, where the use of robots was reported, have 1-3 
industrial robots. 
The technical complexity influence on FHS specific features 
and relative advantages is rather contradictory and it is 
sometimes affected by national or production conditions. 
For the analysis of the impact of the TC on FHS pay-back 
time we had to exclude several Czechoslovak FHS with relatively 
high PBT from consideration. As a result (see Figure 40) a 
certain weak, negative relation was observable. At the same time 
one can find a positive correlation between these two factors for 
technically simple FHS with a TC of more than 4 (dashed lines). 
But the lack of data and the character of the point distribution 
decrease the reliability of such conclusions. 
The lead-time reduction increases proportionally to the 
increase of technical complexity until the latter crosses the 
"mngic" line of TC = 4 and decreases thereafter (see Figure 41). 
The lead-time reduction for most complex FHS ranges from a factor 
of 1.2 to 2.8. 
Ascertain negative slope in the correlation between the set- 
up tine reduction and the technical complexity of FHS is shown in 
Figure 42. Unfortunately, for lack of observations this case 
cannot be clustered into simple and complex sub-sets. 
The point distribution in Figure 43 can be approximated by a 
combined curve, where a proportional growth in personnel 
reduction takes place for simple FNS, a sharp decline for middle- 
class PHS and a rather stable level of the reduction (by factors 
of 1.2 - 2.8) for 7 technically complex systems. Vith an 
increasing FWS complexity the productivity growth declines 
steadily to the level of 1.2 (see Figure 44).  
The FXS flexibility indicators -- number of product 
variables and average batch size -- also depend on the system's 
technical complexity (see Figures 45 and 46). The huge cloud of 
points for product variation makes any statistical approximation 
unreliable, but one can observe a definite tendency of the 
product variation to decrease when the technical complexity 
increases. 
The only exception to this tendency applies to FKS with a TC 
higher than 7.5. For 8 such system proportional growth of 
flexibility is observable. 
The batch size dependence on the TC can be approximated by a 
curve (see Figure 46) which is very similar to the lead-time and 
personnel reduction curves. The average batch size grows from 
less than 10 units a batch for FWS with a TC of less than 2 up to 
58-78 units for systems with a TC = 4 and declines to 
approximately 28-38 for more complex systems. This m a n s  that 
there is no strong technical complexity influence on FWS 
flexibility. 
Ve could not find any TC impact on such an important 
logistic indicator as inventory reduction either. The reduction 
values fluctuate independently around 3.5, changing from 2 to 5, 
see Figure 47. Another logistic indicator -- work-in-progress 
reduction -- demnstrates a negative technical complexity impact. 
The average reduction goes down from 3 for simple FHS to 2 for 
medium-type systems and to 1.2 for the most complex systems, see 
Figure 48. 
The analysis of the technical complexity impact on FM.5 
advantages shows that now there is no consiberable and 
statistically identifiable influence of this factor on such 
figures as pay-back tine. set-up time reduction, or inventory 
reduction. In some cases roore complex systems had fewer 
advantages (in comparison with conventional technologies) than 
simple systems. This applies to productivity growth, flexibility 
measured by the number of product variants and work-in-progress 
reduct ion. 
For such important FMS characteristics as lead-time 
reduction and personnel reduction it 16 possible to conclude that 
the most effective systems have a rather moderate technical 
complexity (from 2 to 4 ) .  The most complex FXS usually reduce 
lead ti- and personnel only by factors of 1.2-2.0. 
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Figure 39. FMS distribution over technical complexity (TC). 
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Figure 40. Pay-back time (PBT) over technical complexity (TC) . 
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Figure 43. Personnel reduction (PER) over technical complexity (Tc).  
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Figure 44.  Productivity growth (PRG) over technical complexity (TC). 
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Figure 45. Product variation (PV) over technical complexity (XI. 
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Figure 46. Batch s i z e  (BS) over technical cmplexity (XI. 
Figure 47. Inventory reduction (INVR) over technical complexity (TC). 
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Figure 48. Work-in-progress reduction (WIPR) over technical complexity (TC). 
6. FACTORS AFFECTING P E R S O m L  RHDUCTIOB A W  PRODUCTIVITY 
GROVTH 
These two indicators are closely interconnected because in 
the majority of those PIIS, where they were reported, productivity 
growth was treated as a labor productivity increase. In some 
other cases it was treated as total factor of productivity 
growth, or there was no informtion on the calculation mthod. 
The personnel reduction was usually calculated as direct and 
indirect reduction. 
For these reasons personnel reduction is slightly higher 
than productivity growth, but their correlation can be 
approximted by a straight line (see Figure 49): 
PRG = 0.8 + 0.5 PER 
The next figures were estimeted in pairs for the relative 
advantages of different FMS as factors affecting productivity 
growth and personnel reduction. 
The lead time reduction (see Figures 50 and 51) certainly 
influences productivity and personnel in the following way: a 
higher LTR leads to a higher PRG and PER. The slopes of the 
approximation lines are 0.25 - 0.27. 
A higher set-up time reduction also corresponds to a higher 
productivity growth and personnel reduction (see Figures 52 and 
53), but in the latter case a very high growth of the personnel 
reduction is observed until the SUTR reaches 2.0 and the SUTR 
impact becomes stable after that point. 
For the case of in-process-ti= reduction one can see the 
opposite situation. The approximation curve is a straight line 
for the personnel reduction and looks like an exponential curve 
with a saturation level of PRG = 1.75 (see Figures 54 and 55). 
There are two straight lines approximnting the influence of 
work-in-progress reduction on productivity growth (see Figure 
56). The upper ray is fitted by Czechoslovak FHS and the lower 
one by Finnish system. For lack of observations it is 
impossible to retrieve any statistically reliable curve, and the 
general conclusion is that a higher VIPR leads to a higher PRG. 
Almst the same bifurcation takes place in the case of the 
impact of work-in-progress on personnel reduction (see Figure 
57). An inventory reduction has an e x t r e ~ l y  unfavorable effect 
on personnel reduction (nee Figure 5 8 ) ,  but seven observations 
available are not enough to draw any sustainable conclusion. 
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Figure 56. Productivity growth (PRG) over work-in-progress reduction 
(WIPR). 
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Figure 58. Personnel reduction (PER) over inventory reduction (RJVR) .  
7 .  FACTORS AFFECTING FHS PAY-BACK TlKE 
The pay-back time is a crucial indicator of such an 
expensive technology as FWS in its competition with conventional 
technologies based on traditional machine-tools or stand-alone 
machines. This is why the analysis of factors affecting FMS pay- 
back time is very important. 
Ve have already found in previous paragraphs that for 
relatively cheap FWS (less than 4 nillion dollars) higher system 
costs lead to a longer pay-back time. But an increase of the 
costs above this critical level or higher technical complexity of 
FKS do not influence the pay-back time. 
As the share of the Czechoslovak FHS in the data on relative 
advantages (such as time, work-in-progress, personnel reduction, 
etc.) was considerably high, we sometimes had to exclude several 
CSSR cases with an extremely long pay-back time from 
consideration. The difference in the pay-back time data is due 
to different national standards. For example, seven years is 
considered to be an acceptable pay-back time in Czechoslovakia. 
whereas four years PBT is a normal upper limit for this indicator 
in Japan. 
A higher lead-ti= reduction provides for a shorter pay-back 
time (see Figure 59). But the form of the approximation curve 
depends on a sample set. Vhen we took nine Czechoslovak FMS with 
a PBT of more than 5 years into consideration, the curve would 
look like a hyperbolic curve, otherwise the relation could be 
approximated by a straight line with a moderate slope. 
The impact of the in-process-t ime reduct ion on the bay-back 
time is definitely negative even if systems with a PBT of more 
than 5 years are excluded (see Figure 68). 
The influence of personnel reduction and productivity growth 
on pay-back time is also negative (see Figures 61 and 62, 
respectively). As in the previous case, taking FWS with a high 
PBT into consideration provides a hyperbolic approximation curve. 
but their exclusion provides a straight line approximation. 
The FKS flexibility measured in number of product variants 
has a positive influence on pay-back time (higher flexibility 
leads to longer PBT) until the number reaches 158-288, and there 
is no influence after this point (see Figure 63). An increase of 
batch s i z e  l e a d s  t o  h igher  pay-back t i = ,  but  t h i s  impact is not  
very  s t r o n g  and d i s a p p e a r s  r a t h e r  coon ( see  F igure  6 4 ) .  
The growth of work-in-progress r educ t ion  ~ a k e s  t h e  pay-back 
ti- s h o r t e r ,  but  t h e  s l o p e  of t h e  a p p r o x i m t i o n  curve  depends on 
t h e  cho ice  of a  sample s e t  of obse rva t ions  ( see  Figure  65) .  I f  
so- CSSR c a s e s  wi th  t h e  longes t  PBT a r e  excluded,  t h e  s l o p e  of 
t h e  approximation curve  can be reduced. 
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Figure 59. Pay-back time (PBT) over lead-time reduction (LTR). 
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Figure 63. Pay-back time (PBT) over number of product variants (W). 
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Figure 65. Pay-back time (PBT) over work-in-progress reduction (WIPR). 
8. GEARALIZATIOIl OF RESULTS Am DISCUSSIOIl 
A11 the results described in the previous paragraphs were 
collected in matrix form and are shown in Table 1. The 
influencing factors are shown by towe and the factors being 
influenced are given by columns. So= rows are clustered into 
two parts according to the following clustering factors: batch 
size, investmnts, technical complexity, number of product 
oar iantc. 
There areqa faw empty cells in the table which are either 
not interesting from the economic viewpoint <for example, in- 
process-t ipe reduct ion over personne 1 reduct ion) or they are 
statistically not identifiable due to the a cloud of points (such 
as product variation over fnvestmnts) or due to the lack of data 
(some cases of inventory reduct ion). 
The forms of interdependencies are not shown in the table, 
only the correlation signs are reflected. The majority of the 
results correspond to theoretical ideas. But there are some 
contradictions as, for example, the opposite impacts of 
investments and technical complexity increase on the lead-ti= 
reduction. So= observed results are not explainable from a 
theoretical viewpoint: e.g., the negative influence of the 
growth of product variation on inventory and work-in-progress 
reduct ion. 
The division of the interrelationships of FWS features into 
two parts, which is observable in many figures, can also be 
explained by two types of substituted production modes. FHS 
substitute custom production as hard automated lines when the 
production needs flexibility. This is why the relative 
advantages may be different for these two types of substitution. 
Ilaturally, the graphical interpolations could s o ~ t i ~ s  be 
discussed and additional clustered data are necessary to clarify 
some relationships. 
Some principally new conclusions can be derived from the 
clustering of the rows. First of all, there are two main types 
of FllS according to their cost and technical complexity. The 
interdependencies between the relative advantages of FHS and 
these two factors copetipes depend on whether we deal with cheap 
and simple or expensive and sophisticated systems. In these 
cases the approximntion curve is V-shaped or a converted V- 
shaped curve. 
The sare situation is observed when influence of product 
variation is analyzed. An PNS with less than 200 product 
variants solaetires has interdependencies between variation and 
other system peculiarities which are opposite to the 
interdepndencies of an PNS producing more than 200 product 
variants. 
This m a n s  that there are several subgenerations of FNS 
within their total population and the specific features of these 
subgenerations are solaeti=s different. In solae cases such 
differences appear due to different national policies and 
environlpcnts. This is why the next part of the FHS analysis will 
deal with a comparative cross-country study. 
But, in any case, the demonstrated results can be useful for 
the development of an FHS diffusion model, and specifically for 
the quantitative estimation of its parameters. 
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1. I NTRODUCT I ON. 
The Computer Integrated Manufacturing Project of IIASA has 
made a major survey of flexible manufacturing systems in the 
world. The project estimates that there are now (in summer 1988) 
around 700--800 systems world-wide, which have at least two CBC- 
machines or machining centers, automated material handling 
devices and equipment, as well as a systems level central control 
to coordinate and to operate the systems as a whole. The growth 
rate of the new installations has, in the recent years, been 
around 30%. If this growth rate continues, there will be several 
thousand systems in the world by the year 2000; and even though a 
saturation of the diffusion process as well as many application 
barriers are expected, it is safe to say that there will be 2500- 
3500 systems in use at the end of the century or a 15 percent 
annual growth rate of the FHS population in 1986-2000, see Fig.1. 
The future patterns for the traditional applications of FMS 
(electrical and non-electrical machinery, transportation 
equipment, instruments and electronics production) in 
industrialized countries are relatively clear now. But the 
potential impact of new areas (such as furniture, food, clothing) 
as well as new potential countries in the total FXS population 
are rather indefinite yet. This is why the forecast is mainly 
based on the extrapolation of the current tendencies and may be 
underestimated. 
In any case, it can be concluded that the strategic and the 
major part of the production of the metal-working industries in 
the industrialized countries will be produced by FMS or other 
cell-like systems. Therefore it is also important to understand 
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Figure 1. Trends and forecasts of FYS diffusion. 
the basic driving forces and different economic and technological 
barriers behind the FHS applications. 
IIASA has identified about 688 systems, which is by far more 
than other surveys (see C Edberg et al., 1988; Darrow, 1987; ECE, 
19861) have indicated. Over 488 systems have so far been 
described by technological and economic (cost and benefit) 
indicators in a database system. A11 basic analyses and 
conclusions presented below are based on this second edition of 
the database. The third edition, consisting of about 600 systems 
described and having an increased level of data reliability and 
completeness, will be available in the spring of 1989. 
The database m k e s  it possible to have different clusters 
and to look for regular patterns in applications as well as for 
different techno-economic success factors. These clustering 
approaches reveal quite many characteristics and features 
conflicting with the conventional wisdom of FNS. Also, so= of 
the clusters and key analyses are as such conflicting. 
In order to find an explanation for these peculiar and 
conflicting features it is necessary to look in more detail at 
different application patterns of flexible manufacturing systems. 
Thus the basic starting hypothesis to explain the complex economy 
of flexible manufacturing systems as well as the empirical 
findings is the following: It is evident that there are two kinds 
of highly beneficial systems: relative simple and compact 
systems, replacing semi-manual, traditional product ion, and 
highly efficient and high-capacity systems, replacing fixed 
autometion and transfer lines. 
Thus there are two factors explaining the conflicting data: 
the substitution process itself, or the starting point for the 
investment of flexible menufacturing systems, and the 
technological features of the systems implementation. Of course 
these two features are interconnected: different menufacturing 
environ=nts require different implementation technologies. 
Also, it is natural that the goals of systems implementation and 
the achieved relative benefits are dependent on the way of 
substitution of the conventional systems. 
Of course, we can also find simpler "sub-explanations" for 
our findings. It is furthermore quite clear that the systems 
properties are dependent on the industry sector and the 
application area in question. It is rather difficult to compare 
the machine tool industry and the electronic industry which each 
other, or to compare tooling and assembly systems. In any case, 
inside one industrial sector we can find again those two basic 
categories of systems applications. It is also worthwhile noting 
that the overwhelming m j  ority of systems, 1. e. Be%, is in 
metal-product and metalworking industry (general machinery, 
transportation equipment, such as trucks and automobile 
industry). Also, the overwhelming majority, again 88%, can be 
found in part tooling; only 15% of the applications are sheet 
metal systems and 5% are assembly systems. 
Of course, relative benefits and systems properties show 
also country-specific features -- or geographical differences. 
However, inside one country we can again find similar sub- 
classes. Thus it is the implementation strategy and the specific 
technological realization which explains the regular patterns -- 
not the country-specific indicators as such. Similar conclusions 
also result from recent studies of the auto-bile industry 
1 Kraf cik, 19881 . 
In the following the basic technological and imple-ntation 
characteristics are first explained topther with their related 
substitution processes. Them also explain the two fundamental 
clusters of the syste=. Afterwards the basic economic impact 
and benefit data will be explained and sonm contradictory 
relative benefit figures will be demnstrated with the help of 
the subetitution process and the technological properties of the 
syste-. Finally some typical implencntation strategies will be 
analyzed. The =re comprehensive statistical and economic data 
can be found in earlier IIASA publications (see CTchijov et al., 
1988a, b; Tchijov, 1988; Ranta, 1988a, b; and Ranta et al. , 
1988a, bl ) . 
2. SUBSTITUTIOB PROCESS, INPLEHEBTATIO~ TECHBOLOCY AW ECOBOHIC 
BEBEF I TS 
Fig. 1 shows the estimated growth rate of the cumulative 
number of implemented systems. So far the growth has been rather 
high, as indicated already earlier. 
To analyze the cost efficiency, we have to correlate costs 
and different efficiency indicators. The total investment costs 
are indicated in the database. On the other hand, there are 
several sets of "effect" data. It is possible to divide these 
data into the following groups: 
1. Time reduction (lead time, set-up time, in-process time 
and machining time); 
2. Logistic figures (inventory and work-in-progress reduction); 
3. Operational data and pay-back time; 
4. Personnel reduction and productivity growth. 
A direct correlation between the cost and the effects 
usually showed indefinite clouds of paints, or rather 
contradictory tendencieta. This necessitated the use of the 
clustering approach to obtain a reasonable correlation. Several 
variables were used for .clustering: investments, industries of 
application (mnchinery and transportation equipment versus 
electronics and instruments), types of FHS (machining, nmtal- 
forming, assembling, etc. ) and in so= cases countries, when we 
were not quite sure of the reliability of the investpcnt or 
exchange rate data. 
The PHS distribution over the invest-nt costs shown in Pig. 
2 demnstrates that the total PHS population can be divided into 
two large groups: "cheap" systems costing less than four million 
dollars, and "expensiveB' ones costing -re than four million 
dollars. 
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Figure 2. FMS distribution over investments. 
The distribution presented by Fig. 2 reflects, of course, 
the technical complexity of the system in t e r m  of the number of 
CEC-tools and the control system architecture. Fig. 3, which 
s h o w  the distribution of the system over the number of 
installed CBC-tools, indicates that the correlation exists. 
However, the number of CBC tools alone does not explain the 
investment cost distribution, we also have to look at the systems 
architecture and software costs for the explanation. 
A typical compact, "cheap" system (see l Ranta et al. , 1988b; 
Shah, 19871) consists of 2-4 CEC-tool or machining centers, 
conveyor or/and automntic storage and retrieval system and two 
robots for mnterial handling and has a programmable controller 
for system control. Usually the costs of the system are 3HS and 
the cost break-down is approxilpately the following: CBC-lpachines 
50-55%, mnterial handling and robots 15-20 %, control, 
communication and other system level software 20-25 X ,  planning 
and training 10%. It is also typical that the system 
architecture of the compact system is closed so that it is hard 
to extend and to add new features without lpajor new invest=nts. 
This can also be a lpajor economic risk of investment. 
A typical large-scale, "expensive" system consists (see 
C Shah, 1987; Bose, 19881 ) of 15-30 CEC-tools, automated guided 
vehicles and an automated storage and retrieval system for 
material handling, a local area network and distributed 
microcomputer based cell and machine control systems and usually 
tmr VAX-type computers for coordination, scheduling and database 
manage-nt. It usually has a backup computer system to secure 
the availability of the system and advanced algorithms and a 
software system for the coordination of the system. The average 
costs are 10-15 It$ and the cost break-down is approximately the 
following: CBC-machines 35-403, transportation and material 
handling 153, control and communication and other system software 
25-303, and planning and training 15-283. Is also typical that 
the systems architecture is open and systems can be extended in a 
step-wise manner and new features can be added without a major 
new design effort. 
Thus we can see also that the expanding systems structure 
will typically lead to an increasing software complexity and a 
complicated control architecture. 
Ve can call those system, which are between these tmr basic 
categories, mid-range systems. Typically the invest=nt costs 
are between 4-8 INS and the system consists of 5-10 CBC-machines, 
and most likely also of automated guided vehicles for 
transportation. The all-over control is based on super- 
minicomputers and the system may even have a local area network 
for coordination and conrmunication. The systems are relative 
expensive, the total cost per CBC-tool rate is quite high, but 
their efficiency lies only in the mid-range. 
All these three basic categories also show different cost- 
efficiency figures, which will be explained in more detail in the 
following. 
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Figure 3. Distribution of PMS by their technical complexity. 
Number of FMS over numerically controlled machine 
tools (NCMT), machining centers (MC), and robots, 
respectively. 
Fig. 4 shows the lead time reduction over the investment 
costs, and Figs. 5 and 6 represent the set-up time reduction and 
the productivity growth, respectively. 
These figures clearly demonstrate a typical V-shaped form of 
the relative benefit measures. Thus it seems that 
- the compact and smnll-scale systems have the best cost- 
efficiency ratio; 
- the mediwrange systems are inefficient from the viewpoint 
of their economic justification; 
- only relatively large Investments and relatively complex 
systems provide the same efficiency as the compact systems. 
Fig. 7 idealistically demnstrates this fact. 
Why these figures? The answer will be found if we look more 
carefully at the technical implementation features and the 
substitution process. Of course w e  can have two explanations for 
these figures. One could be that mediumsize, conventional 
systems already show a good performnce and therefore it is 
difficult to get high relative benefits. The other explanation 
is the FMS technology itself. Ve use these explanations in the 
following. 
Fig. 7 can be interpreted so that the increased capacity of 
systems and the increased complexity will increase the systems 
costs/machining unit in a step-wise manner. This is due to the 
need for more efficient machinery when a certain level of 
complexity is reached. In small size systems it is enough to 
have a compact type material handling system, like a conveyor, 
and simple systems control based on programmable logic. When the 
complexity increases, a more sophisticated material handling 
system is needed, like automated guided vehicles, and the systems 
control has to be based on computers, distributed data bases and 
integrating communication systems. These changes in systems 
complexity tend to change in a step-wise manner. 
On the lower end of the applications modest benefits can be 
achieved by a compact system and by low investment costs. On the 
upper end there are possibilities for substantial savings and 
benefits, although the investment costs as well as the complexity 
of the system are high. The potential benefits usually justify 
the higher InvestrPents. The second factor, which generally 
conforms with the use of complex systems, consists in a real 
learning curve effect or economies of scale in software 
production. When the level which necessitates the changes in the 
basic systems architecture has been reached, there are many 
possibilities to repeat (or simply copy) the basic software 
modules and use the same basic mdules in different interfaces 
and in systems coordination and timing. The larger the scale of 
the system under design, the more immediate are the benefits of 
software repet it iveness. 
Fig. 8 explains the situation. 
The medium-scale systems are critical from the economic 
point of view. It might happen that a sophisticated systems 
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architecture based on distributed data bases and communication is 
needed, but the potential benefits are not high enough to justify 
the system investments and the system complexity is not high 
enough to draw the benefits from the economies of scale effects. 
This r e m r k  is also consistent with empirical data above, which 
show that compact, small-scale systems and very complicated, 
large-scale s y s t e s  clearly have a shorter pay-back time than 
medium-scale systems. This also leads to the following 
conclusion: a critical technical issue for the future 
applications is the possibility of a module-type control 
structure and a transportation device, which allows for a soft 
extendability of the system without drastic architectural 
changes. 
This problem can also be called a colnplexity dilemma. The 
higher number of CBC machines combined with a large part family 
usually results in such a complexity of systems coordination 
(e.g., routing, scheduling, tool mnnagewnt) that high software 
and planning costs can not be avoided. The only way to get the 
relative costs down is a modular systems structure and 
standardized software modules. The benefits of standard systems 
structures are already clearly visible in compact systems. It is 
a common practice that the same basic system layout and 
architecture is usable in many applications, providing learning 
curve advantages for different applications. 
Thus, if there will be no real technical breakthroughs in 
realizing systems controls and all-over architectures, which 
guarantee module-based design of systems and an easy 
extendability, it is reasonable to expect that the basic 
application diffusion paths of the flexible manufacturing systems 
will be of the following two types: highly efficient, high- 
capacity, complex systems replacing rigid transfer lines, and, on 
the other hand, compact, small-scale systems replacing 
conventional semi-manual, HC-tool based production. The economy 
and applicability of the middle-range system will be highly 
dependent on systems control and communication software as well 
as on flexible transportation devices. 
Thus the precondition for the rapid growth rate in the 
future is that there will be a remarkable technological 
development and achievements in all the key areas of FKS 
technologies. This development has to have an impact on cost 
factors, efficiency and performance factors of different building 
blocks of FWS technologies. Both on the machine and system 
levels, electronics and informntion technologies will still be 
key technological elements of development. It is reasonable to 
expect that in the ten-year perspective flexible grippers, speed 
and accuracy of robots will no longer be obstacles to assembly 
systems, there will be software and communication standards to 
help integrate basic building blocks, there will be modular 
s y s t e s  control and interfacing systems, which make step by step 
development possible, relative software costs will decrease and 
the systems development will be easier. All this trends mean a 
gradual improvement of the efficiency (performance) - cost rat lo 
in terms of speed, capacity, accuracy, complexity and flexibility 
of systems (see I Ranta, 1988al) . 
If these technological trends becow reality to their full 
extent, new systems architectures will be realized, opening 
completely new possibilities to cope with different system 
efficiencies. Therefore the growth of new applications will be 
even =re rapid than illustrated above. 
If this optimistic scenario becomes reality wo can estimate 
the cost to be as shown in Fig. 9. Ve can also expect that the 
diversity of the types of applications will be higher than in the 
two basic categories presented above. 
Becauee of the two basic FlIS categories it is natural that 
these technological factors also have an impact on the way 
systems are implemented and new FH-systems substitute 
conventional-type aanufacturiq. Thus it ie obvious that there 
are two basic imple=ntation strategies of flexible Panufacturing 
systems: highly efficient system replaciq transfer lines and 
fixed autoaation, or highly flexible, compact system replacing 
semi-manual small-batch production. Fig. 10 illustrates the 
situation. 
The starting point for the first implementation strategy is 
usually a fixed automation or transfer line in a mass production 
of a big company. The main goal is to increase flexibility, save 
capital and decreaee the lead times as well as to cope with the 
changing environment and demand in the future. As the FWS is 
replacing the highly automated lines, labor savings play only a 
minor role in this case. 
A typical example of the strategy is a company which is 
producing engines and has three fixed autoaation lines to 
manufacture 5-8 different types of cylinder heads and has an 
annual volume of 20 000 pieces. The company replaces those fixed 
automation lines by a FWS having the same annual capacity, but 
producing all those different cylinder heads and having the 
theoretical flexibility potential of about 100 different heads 
and even some other parts. The system thus provides a 
considerable potential to meet the future changing markets and 
demnds. The achieved benefits might be a decrease of the lead 
ti- from 4 weeks to one week, a work-in-progress reduction of 
70%. more rapid customizing of engines. and fewer but =re 
expensive aachines with a clearly increased software share. At 
first sight the system might seem to be inflexible: the part 
family is only 8. But it is flexible enough to cover the needs 
of the company and also to decrease the potential risks of 
changing demands. Thus the flexibility potential is used to cope 
with long-term changes, such as yearly product (mdel) changes, 
or to rapidly introduce new products without changes in 
production. The question is, therefore, a question of product 
and production flexibilities. The smnll part family helps to 
Panage the system complexity and related software issues in 
epite of the high number of CBC-machines. 
The starting point of the second implementation strategy is 
usually semi-automatic or even manual production in small or 
mediul~scale companies. The syster~s usually used are compact and 
cost-efficient system. There are two subcategories of this 
phenomenon. The first one is a simple capacity increase and 
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quality improvement strategy, while sustaining the already 
existing flexibility. This strategy is also an implicit labor- 
saving strategy, because a FXS can offer a considerable increase 
of production capacity without requiring new labor force or 
building new shop-floor space. The second subcategory is used 
for capital savings, e.g. to decrease work in progress and to 
decrease delivery times. This corresponds to a situation where 
the design flexibility is already in existence and the basic 
strategy is extended and enforced through xmdernization of the 
manufacturing system to guarantee rapid customizing and 
introduction of new products on the shop floor level. As it is 
also evaluated as a capacity extension, axmng other alternatives, 
and not as a machine investment, usually also a broader 
evaluation of invest=nts than ROI, based on the expected cash 
flows, is used. The compact architecture of the system -- a 
small number of CBC -- m k e s  it possible in this case to manage 
the systems complexity in spite of a large part family, 1. e. a 
high number of product variants. 
The achieved benefits of the second strategy are usually 
manyfold: quite high relative labor savings, decreased work in 
progress, increased production capacity and decreased lead tinres. 
Thus FMS, FMC and F W  are then used to improve customizing and 
decrease again the total delivery times on the shop-f loor level. 
However, because of compact systems and closed architecture of 
FMS, there might be some risks to meet future demands. Basically 
this is the economic risk of the strategy. 
What was stated above is, to some extent, conflicting with 
the conventional theory of FXS, which usually dictates that the 
proper use of FXS is that of a middle-range system between highly 
efficient transfer lines and semi-manual, highly flexible 
production providing medium-scale flexibility and medium-scale 
efficiency. According to empirical studies above, this does not 
seem to be true, but those medium-scale systems are the most 
critical systems in economic terms. The technical and economic 
reasons for this fact have already been explained above. In 
order to be beneficial, these systems have to provide all those 
possible benefits usually associated with FILS: high relative 
labor savings, high reduction of work in progress, fixed capital 
savings, high reduction of delivery and lead ti=s and increased 
market share. 
The implementation of these systems to meet the planned 
goals is risky due to their high complexity. The rather high 
number of CBC-machines and the rather large part family makes the 
system coordination -- scheduling and tool management -- rather 
complex and the systems software difficult to implement. 
Finally it is worthwhile noting that nearly all the 
expensive systems are tooling applications, the assembly systems 
as well as the sheet mrtal systems are generally cheaper and =st 
of them are usually compact systems. This is quite 
understandable from the technological point of view because the 
sheet metal systems are relatively simple and the assembly 
systems so far implemented are rather compact and dedicated due 
to the technological and economic constraints. Also, most of the 
expensive, high-capacity systems are in the metal-working 
industry. 
3. FACTORS B E H I W  THE RELATIVE BEHEFITS 
Above we have put down two strong hypotheses explaining the 
differences in the empirical data on application and system cost 
patterns. It is reasonable to expect that these factors will 
also be seen as explanatory factors for different relative 
benefits and for independences between different indicators. 
Bag., it can be expected that there are relationships in the 
statistical data between increase of production capacity, 
productivity growth, labor reduction, batch size, lead-time 
reduction, technical complexity and investmant costs. 
In order to support the analyses, a special indicator 
describing the technical complexity of FNS has been forwd. Of 
course, it is difficult to obtain a universal measure for 
complexity, reflecting the mechanical part of the systens, the 
software and control structure as well as the layout of the 
system. However, in the database there exist several indicators, 
which can be used to measure complexity. 
Among them are: the number of mchining centers (NC), the 
number of MC-machine tools (BC), the number of robots (ROB), and 
the types of transportation (TR), storage (ST and inspection 
(INS) systems in the FMS. The last three variables were 
indicated as dichotomic: (1) for simple systems and (2) for 
sophisticated ones [ Tchijov et al. , 1988bl . 
The attempts to find statistically reliable, separate 
correlations between these indicators and other FMS features were 
usually a failure. This is why a combined indicator of the 
technical complexity was elaborated. The first accepted 
hypothesis is a that higher complexity is connected with higher 
FMS costs. The second one is that if there is no information on 
IR, the number of robots is zero. The third hypothesis is that 
in case of missing data on TR, ST and IBS these were considered 
to be 1.0 (1.e. simple systems). Finally, several "extra" FMS 
costs in the USA were excluded from consideration by the use of a 
dummy variable. 
The following linear regression equation was estimated for 
315 FNS where data on NC and BC were available: 
Invest = a-NC + b-BC + c-ROB + d-TR + e-ST + f- IBS 
where 
Invest - investments in million US dollar; 
DUWUS - dunmy variable = 1.0 for the US cases and 0 for 
other systems; 
a. b, c, d, e, f, g - regression coefficients. 
Coefficients "e" and "f" were statistically insignificant 
because only few FlIS had sophisticated storage and inspection 
systems. DUXUS were used to purify the relationship from the 
extremly high costs of the US F E .  The other coefficients were 
used to construct the technical complexity indicator (TC) as 
f 01 lows: 
TC = 0.7 MC + 8.35 BC + 8.3 ROB + 8.3 TR 
The relative weights of the independent variables 
approximately correspond to their cost shares, but -- due to the 
procedure described above -- the technical complexity does not 
coincide with FXS costs. The FXS distribution over TC is shown 
in Fig. 11. 
This distribution shows that 58% of the cases in the FXS 
sample set can be treated as rather simple systems with a TC of 
less than four. 36% of the FMS are in a middle range and their 
technical complexity is between 4 and 18. And only less than 6%, 
or 18 systes, belong to a technically complex type with a TC of 
more than 10. According to this analysis (we should like to 
remind the reader again), a most typical FXS includes 2-4 
machining centers, or 2-7 BC-machine tools (including WC), and 
60% of 64 FXS, where the use of robots was reported, have 1-3 
industrial robots. 
How the technical complexity influences FXS specific 
features and relative advantages is rather contradictory and it 
is sometimes affected by national or production conditions, 
although the question is mare a technological and implementation 
quest ion. 
Increase of productivity and production capacity are two 
possible indicators, on which the above explained two main 
substitution paths have an impact. Thus the relative capacity 
increase can be expected to be higher in the case of compact 
s y s t e s  than in the case of complex systems. It can also be 
expected that the labor reduction will only partly explain the 
productivity increase. 
Fig. 12 shows the relative increase of capacity over the 
investment costs and the number of CBC-machines in the system. 
It can clearly be seen that there is tendency that the increase 
of the capacity will be higher in the case of small and compact 
systems. This gives some evidence to the hypothesized driving 
forces of the substitution. 
where 
Invest - investments in million US dollar; 
DUIlUS - duxnmy variable = 1.8 for the US cases and 8 for 
other systems; 
a, b, c,d, e, f, g - regression coefficients. 
Coefficients "e" and "f" were statistically insignificant 
because only few FHS had sophisticated storage and inspection 
system. DUNUS were used to purify the relationship from the 
extremely high costs of the US FHS. The other coefficients were 
used to construct the technical complexity indicator (TC) as 
follow6: 
TC = 8.7 ItC + 0.35 BC + 0.3 ROB + 0.3 TR 
The relative weights of the independent variables 
approximately correspond to their cost shares, but -- due to the 
procedure described above -- the technical complexity does not 
coincide with FHS costs. The FXS distribution over TC is shown 
in Fig. 11. 
This distribution shows that 58% of the cases in the FKS 
sample set can be treated as rather simple systems with a TC of 
less than four. 36% of the FMS are in a middle range and their 
technical complexity is between 4 and 18. And only less than 63, 
or 18 systems, belong to a technically complex type with a TC of 
more than 18. According to this analysis (we should like to 
remind the reader again), a most typical FXS includes 2-4 
machining centers, or 2-7 BC-machine tools (including XC), and 
68% of 64 FMS, where the use of robots was reported, have 1-3 
industrial robots. 
How the technical complexity influences FKS specific 
features and relative advantages is rather contradictory and it 
is sometimes affected by national or production conditions, 
although the question is more a technological and implementation 
quest ion. 
Increase of productivity and production capacity are two 
possible indicators, on which the above explained two main 
substitution paths have an impact. Thus the relative capacity 
increase can be expected to be higher in the case of compact 
systems than in the case of complex systems. It can also be 
expected that the labor reduction will only partly explain the 
productivity increase. 
Fig. 12 shows the relative increase of capacity over the 
investment costs and the number of CBC-=chines in the system. 
It can clearly be seen that there is tendency that the increase 
of the capacity will be higher in the case of small and compact 
systems. This gives some evidence to the hypothesized driving 
forces of the substitution. 
Figure 1 1 .  FMS distribution over technical complexity 
(TC). 
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Figure 12. Increase of production capacity over investment 
costs and number of NC machines. 
It is, of course, interesting to try to explain the factors 
behind capacity increase. Fig. 13 shows the relative capacity 
increase over labor reduction and productivity growth. The only 
conclusion we can make is that the capacity increase is not 
necessaril~ explained by productivity growth. On the other hand, 
those few cases, for which data on the operation rate (the number 
of shifts in use) and unmanned operation are available, show a 
general tendency: the higher the operation rate, the higher s e e s  
to be the capacity increase, and the higher the number of 
unmanned shifts, the higher is the capacity increase. This fact 
might indicate that the utilization rate could be a critical 
factor behind capacity increase. The sam tendency also exists 
between productivity and operation rate, as well as between 
productivity and the number of unmanned shifts. Thus, apart from 
the technological innovations, the organizational innovations 
play a critical role in guaranteeing a high utilization rate. It 
is also understandable that the transformation from the semi- 
manual and functional production to the automated and cellular 
production has more potential for capacity increase or for 
improvement of the utilization rate than the transformation from 
highly automated transfer lines. 
The above conclusion can be even more strongly supported. 
Fig. 14 shows pay-back time over operation rate and number of 
unmanned shifts. It can be concluded that the operation rate 
alone does not explain the high benefits. It is necessary to 
combine the use of unmanned shifts with a high operation rate to 
achieve economic benefits. 
The productivity growth is highly correlated (nearly a 
linear dependence) with labor reduction, lead-time reduction and 
set-up time reduction. This is illustrated by Fig. 15 (see 
[Tchijov et al., 1988bl. This proves that the mananement of time 
or the unit tinu= productivity is more critical than the classical 
variable costs. This is understandable due the high fixed 
capital costs (see [Jaikumar, 1988; Ranta et al., 1 9 8 8 ~ ;  Stalk 
19881). Also, the better the lead-tinre reduction, the shorter 
the payback time. It is well understandable why FX.5 can be a 
successful strategy for capacity increase in a small batch 
product ion. 
However, there are some very interesting relationships. 
Productivity growth over batch size and technological complexity 
is presented by Fig. 16. 
Fig. 16a shows that a small batch size will result in a high 
relative increase of productivity. At first sight this seems to 
be contradictory to conventional theory. The figure is, however, 
due the fact that one of the driving forces behind productivity 
growth was lead time reduction or efficient time management. 
Fig. 16a is also in agreement with Fig. l6c, which shows that a 
small batch size seems to result in a high lead time reduction. 
Fig. 16b also shows that the compact systems (low technological 
complexity) tend to have a higher productivity increase than 
highly complex systems. 
How can this be explained? One explanation as such is the 
managenrent of time as a critical success factor. The second 
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explanation is that the compact systems are used to replace semi- 
manual production in order to increase the production capacity 
and to reduce the lead times of the production. The complex 
systems, on the other hand, are used to replace high capacity 
transfer lines in order to provide flexibility and capital 
savings. Therefore, since a small batch size is connected to 
small-scale compact systems, a small batch size is usually also 
connected to productivity growth and lead-time reduction. Some 
further evidence is given in Fig. 17. In terns of batch sizes 
the figure seems to be contradictory to what was said above. 
However, the small and compact systens seem to keep their 
flexibility and complex systens are looking for flexibility. An 
interesting case are, however. the mid-range systems. They seem 
to be medium-capacity and medium-flexible systems. Furthermore. 
the large batch sizes are typical of these mid-range systems. 
This is also in an agreement with above presented cost-efficiency 
figures and pay-back time figures. 
Thus we can conclude that the critical factors for benefits 
are : 
- the management of fixed costs and time and the guarantee of 
a high utilization rate; 
- a careful selection of the goals and implementation 
strategies depending on the situation to be changed or 
replaced, as well as an assessment of the goals and their 
implementation together with the cost efficiency of 
different technological alternatives and possibilities. 
4. A FRAMEVORK FOR IMPLEMEBTATION STRATEGIES 
Facing the fact that there seem to be two classes of 
beneficial systems, it is worthwhile classifying some typical 
implementation strategies which are successful and also associate 
different benefits with different strategies. 
Ve can call the basic dilemma a capacity productivity 
increase problem and a complexity management problem. This fact 
has already been presented elsewhere (see I Ranta, 1988b; Ranta et 
al., 1988b1), and it has also been demonstrated quite clearly by 
Jaikumar [ 19881 in his case study. We can now start with the 
Table 1, which is a general presentation of twu extreme cases. 
It can thus be seen that if the system can be designed in 
such a way that capital is released or that the number of 
machines is decreased, then there is no need to increase the 
volume of production. This can typically occur in a situation 
when an investment for renewal is made and this is again a 
typical situation occurring in bigger companies. Also, when 
there is a need to increase production capacity, modern 
production technology offers very efficient ways to do so without 
necessitating investment in new building and factory space. This 
is usually applied as one economic approach of small and medium- 
scale companies, as discussed above. 
In other cases a remarkable increase of production capacity 
Figure 1 7 .  Batch s i z e  (BS) over t e c h n i c a l  
complexity (TC). 
Table 1. Economic impact of advanced production 
automation. 
Conventional NC functional FMS 
Care 1. Constant production capacity 
Number of machines N  I N  
Production capacity C C 
Price A  L A  + 
extended design 
Case 2. Constant number of production units 
Number of machines N N 
Production capacity C 3C 
Price A  2 . A  + 
extended design 
LN 
C 
: A  + 
extended design + 
extended software 
N 
(9-15).C 
2 . A  + 
extended design + 
extended software 
will result, thus necessitating a guaranteed high demand for the 
company's products in order to justify the investment. 
In a medium-size production it can be extremely difficult to 
meet the above requirements because of the relatively high basic 
investments and the already very extensive design process. 
Using the above extreme cases as a starting point, we can 
draft several alternative implementation strategies. Fig. 18 and 
Table 2 give an overview of such possible candidates. 
Strategies A and B correspond those two subst itut ion 
patterns already described above. Strategy A can be called the 
capacity increasing strategy. Table 2 shows the necessary 
conditions for the successful implementation of the strategy: the 
capacity can be increased without increasing labor costs and with 
a relatively slight increase of fixed capital. Thus the benefits 
result from the increase of both, the capital and the labor 
productivity. Also a clear reduction of lead times and work-in- 
progress should be a result of a successful implementation. 
However, these are only preconditions or prerequisites for 
achieving benefits. The system has to be designed in such a way 
that it can meet these goals or fulfill the necessary conditions. 
Typically, this kind of manufacturing environment is a small 
batch production, where the transformation of a semi-manual 
process to an FMS-like process satisfies the boundary conditions 
of the implementation strategy. To be successful, however, the 
implementation process also has to meet sufficient conditions. 
These sufficient conditions are described in Table 2 by the 
columns "costs" and "risks". 
Usually the renewal process as well as an expanding capacity 
can be realized without any extra shop floor or new factory 
buildings. The modest increase of fixed capital is due to more 
efficient machinery and increased software costs, although the 
FMS can be regarded as a compact system. Usually the software 
part of the system will also be a risk element, because software 
quality and reliability are critical for the system utilization 
rate, and because the realization as well as the maintenance 
require knowledge, skills and a way of thinking, which is 
different from the conventional system. Thus the management of 
the implementation is a critical factor. It is critical as a 
systems cost factor and as a factor of the utilization rate (see 
C Meredith, 1987a, b, cl ) . 
It is also evident that, because of the multi-system nature 
of the manufacturing process and because of increased fixed 
costs, the management of time will be a critical factor, I. e. , it 
is necessary to guarantee a high utilization rate of the 
manufacturing process. Therefore the knowled~e and skills of the 
operators and their capability to cope with complexity to make 
prognoses and diagnoses and to develop the system further are 
more essential than in the case of conventional manufacturing 
systems. Thus the whole management of change, including training 
and organizational issues, is critical for the success of the 
project. This is, of course, a fact, which has been emphasized 
in many reports (see [Ettlie, 1988; Jaikumar, 1986, 1988; Haly, 
1988; Martin et al. , 1987; Ranta, 1988b; Tchijov, 19881 ) . 
Volume 1 
HIGH IL 
I I I I 
b 
LOW MEDIUM HIGH Flexibility 
Figure 18. Capacity-flexibility problem of different 
strategies. 
Table 8. Implementation strategies and wociated benefita 
- S d  scale + 
aemimmual 
b.Lch production 
-Capacity C, number 
of machines N 
-Amount of fixed 
Capital K 
-Labor L 
Starting point New ryrtem I Technology 
-High capacity * 
dedicated automation 
-FMS, automated 
h i  flexibility 
-Capacity 5 -  C, 
number of 
machinea N 
-Fixed capital 
2 - K  
-Labor L 
~ M O  production 
Compact 
control 
structure 
- 
Cloeed 
Architecture 
-Number of machinea 
N 
-Amount of fixed 
Capital K 
-Labor L 
-Capacity C 
Gnventional ,  
functional 
medium scale 
production 
-Capacity C, 
number of machinea 
N, amount of 
Fixed capital K 
Labar L 
-Fixed capital 0.7 . K 
-FMS, High capacity 
medium flexibility 
-Capacity C 
-Number of machinea 
N/3 
-Labor L 
Advanced, 
complex 
control 
- 
Open 
architecture 
-FMS, medium capacity 
-Capacity 1.2 - C 
-Machines N/5 
-Fixed capital 0.7 - K 
-Labor L/3 
Benefit8 
Complex 
control 
structure 
- 
Cloeed 
or 
open 
lead times and WIP 
-Improved quality 
-Flexibility 
increaae 
-Capital 
productivity 
1.4 x 
-Potential for 
future changes 
-Lead time and 
WIP reduction 
-Capacity increaae - 
capital 
productivity 512 x 
-Labor productivity 
5 x 
-Decrenaed 
-More expensive 
machinery 
-High software 
-High planning 
Cork 
costa 
Ri rh  
-Increased 
software 
costa 
- 1 n c d  
training 
costa 
-Software 
management 
-Management 
of change 
-Closed 
layout 
-Exceee capacitg 
-Capital 
productivity 
1.75 x 
-Labor productivity 
3.5 x 
-Quality improvement8 
-Lead time and 
WIP reduction 
-Systems 
complexity 
-Skills of 
personnel 
-Low utilbation 
rate and 
high fixed 
costa 
-Software 
costa high 
-Partly more 
efficient machii 
-High planning 
and training 
costa 
-Management 
of change 
-Syskms 
complexity 
-Skilln of 
personnel 
Table L Implementation strategies and associated benefita 
4 
medium wale 
apuity C, 
Fixed capital K 
Labor L 
Starting point 
Sd wale * 
u.mimmual 
batch production 
New ryrtem 
-FMS, automated 
high flexibility 
-Capacity 5 • C, 
number of 
machines N 
-Fixed capital 
2 - K 
-Labor L 
-FMS, High capacity 
medium flexibility 
-Capacity C 
-Number of machines 
N/3 
-Labor L 
-Fixed capital 0.7 - K 
-Capital 
productivity 
1.76 x 
-Labor productivity 
3.5 x 
-Quality improvement 
-Lead time and 
WIP reduction 
Technology 
Compact 
control 
structure 
- 
Closed 
Architecture 
Advanced, 
complex 
control 
- 
Open 
architecture 
apuity C, number 
-FMS, medium capacity 
-Capacity 1.2 - C 
-Machines N/5 
-Fixed capital 0.7 . K 
-Labor L/3 
Cork 
-1ncressed 
software 
c a b  
-1ncressed 
training 
c a b  
-More expemive 
machinery 
-High software 
coeta 
-High planning 
c a b  
Benefitr 
-Capacity increase - 
capital 
productivity 512 x 
-Labor productivity 
5 x 
-Decreased 
lead times and WIP 
-Improved quality 
-Flexibility 
increase 
-Capital 
productivity 
1.4 x 
-Potential for 
future changes 
-Lead time and 
W IP reduct ion 
6 
* 
P 
., 
Complex 
control 
structure 
- 
Cloeed 
or 
open 
-Software 
c a b  high 
-Amount of fixed 
Capital K 
-Labor L 
-High capacity * 
dedicated automation 
mvls production 
-Number of machines 
N 
-Amount of fixed 
Capital K 
-Labor L 
rCapui ty  C 
-Partly more 
efficient machinerj 
-High planning 
and training 
c a b  
Rirh 
-Software 
mMagunent 
-Management 
of change 
- C l o d  
layout 
-Excees capacitj 
-System 
complexity 
-Skills of 
personnel 
-Low utilhation 
rate and 
high fued 
c a b  
-Management 
of change 
-System6 
complexity 
-Skills of 
permnuel 
An interesting fact is the increased capacity as such. A6 
noted above, if this has been a goal in itself, e. g., because of 
the growing demand, the necessary conditions can usually be met. 
However, there is always the possibility of excess capacity, 
which, to some extent, can be an economic risk. In any case, a 
company has to have a strong marketing capability to avoid 
overcapacity. As noted by Jaikumar 119881, if there are stable 
markets and a stable demand for the respective products, then 
there will be an imbalance between supply and demand, followed by 
a technological renewal process and a considerable productivity 
increase. Then only the most efficient producers will survive. 
Usually the systems architecture corresponds to a compact 
system. Thus the system is. to some extent, closed, and it may 
be difficult to extend or change it. This can be an economic 
risk in a changing environment. 
Strategy B can be called flexibility increase and future 
potential strategy. The economic benefits result from the 
increased capital productivity and the potential to make new 
product variations, which are usually associated with decreased 
lead times and work-in-progress. All these can lead to the 
acquisition of new market segments, due to the ability to 
customize products. These boundary conditions are usually met 
when a transfer line is changed to an FMS-type production without 
losing its high capacity. Usually the technological solution is 
a high-capacity solution, with a sophisticated architecture and a 
complex control and software system. Thus the major risks come 
from the complex system structure itself, which is managing the 
software production and managing rather complicated all-over 
planning. Because of the high price of the system, the 
utilization rate is even more critical than it was in the case of 
Strategy A. Thus, all that was said above on training and 
knowledge of operators is even more evident for case B. 
The third potential strategy is case C, a strategy which can 
be called modernization strategy. Usually the starting point is 
a conventional, functional layout, including the problems of lead 
times and work-in-progress. In this case the main benefits 
result from different sources: considerable lead time and work- 
in-progress reduction, quality improvements and a rather high 
increase of both, labor and capital productivity. The old system 
as well the new system -- to some extent -- is a mediwcapacity 
and a mdium-flexibility system. This means that the system 
design has to meet numerous goals just to guarantee enough 
benefits, as described above. 
In some cases a compact systems architecture is not enough, 
but a rather complex control and software structure is necessary. 
This may be a source of techno-economic risk; it does, however, 
put more emphasis on planning and designing for benefits. Other 
sources of risk are associated with the costs and the complexity 
of design. The change will be rather big. The management of 
this change is challenging, because a completely new way of 
thinking is needed in manufacturing. This necessitates again a 
special concern with regard to training and organizational 
Figure 19. Product variation (PV) over technical com?lexity 
(TC) . 
Conventional, 
semi-manual 
Fixed automatlon. 
I Volume 
Figure 20a. Unit costs according to the conventional theory. 
FMS 
Figure 20b. Unit costs according to the revised theory 
(n-number of products) . 
which are associated with a capacity increasing strategy and lead 
tima reduction. In between these two systems there is a 
modernization and work-in-progress reduction strategy, which can 
result in a complex or a compact system, depending on the 
starting point. 
The basic typology can be explained by technological and 
economic factors. Because of technological limitations there are 
twa kinds of systems realization technologies, which also 
represent different economic barriers, benefits and planning 
issues. A successful implementation is usually associated with a 
high utilization rate of the systes: the management of 
manufacturing time is critical for the success. This is 
understandable in view of the increasing share of fixed capital, 
and it also causes the design, as well as the training and 
capabilities of the personnel to be critical factors. 
Based on the above facts, different implementation 
strategies can be proposed, where benefits, syster~s properties 
and costs will meet. The implemntation strategies can also 
explain soma contradictory results obtained from the statistical 
data. 
It can be foreseen that the technological factor will still 
be critical in the near future. If, due to the standardization 
efforts, a modular type of systems software as well as a 
mechanical integration technology becomas available, it is 
possible to achieve step-wise implementation strategies and a 
wider range of beneficial systems. Then, of course, the 
diffusion of FH-systems can be wider than proposed above. 
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I . I BTRODUCT I OE 
One of the =st important components of Computer Integrated 
Hanufacturing <CIH) 16 that of Industrialized Robots (IR). Ve 
are now witnessing many attempts to forecast the future of IR 
penetration in many different countries C see, for example, Blair 
and Vickery, 1987; Hdquist and Jacobsen, 1986; ECE, 1985; 
Filemon, 1987; and Yonemoto, 19871. The forecast is usually 
based on econometric models, using minly different for= of 
production functions. 
It is worthwhile stressing that IR adoption entails a number 
of consequences, the -st important of which is, from the 
economic point of view, labor substitution. The effectiveness of 
this substitution is the key point of the speed of industrial 
robot (IR) penetration in different manufacturing systems. It 
may be plausible to assume that the conditions for the rate of 
penetration differ with companies, enterprises and industries as 
well as with economic systems. 
The latest newly developed models at IIASA for the forecast 
of robotization of industrial production -- expressed in terms of 
number of applied IR and worked out by Shunsuke Mori Csee Xori, 
19871 and Akira Tani Csee Tani, 1987a and 1987bl are also based 
on the production function. The core of these prognostic models 
is the ratio of prices of individual robots to wages. 
Econometric models of that kind are mainly applied to market 
economy countries. Xodels based on the ratio of IR prices to 
wage levels turn out to be too simplified under the conditions of 
centrally planned economies. For this reason one cannot use a 
model which is based on salaries and IR prices for centrally 
planned economies. Instead, one must include other factors in 
the model which are important for IR penetration in these 
economies. 
The second reason is sonetimes the lack of available data 
due to the confidential nature of a great part of the required 
material. The information systems, in general, need some 
improvement, and there exist various suggestions for improving 
the current situation. 
The main reason, however, is that the management mechanisms 
of centrally planned economies are fundamentally different. 
Vhile the prognosis of the future penetration in market economies 
is theoretically based on an equilibrium wage and I R  price 
development, in centrally planned economies wages and I R  prices 
are planned and regulated centrally. 
Under the conditions prevalent in many centrally planned 
economies in the past, the use of econometric models of this type 
has been irrelevant. Bowadays practically all those economies 
are trying to improve their economic ~ c h a n i s m  and increase the 
relative economic independence of enterprises and companies. The 
main goals of these new perestroika or rektructuring policies are 
to increase the initiative and socialist entrepreneurship of the 
companies' management and to hasten technological progress and 
the introduction of new technologies. Such goals -- which have 
already been realized in some areas -- create completely new 
conditions for the adoption of econometric methods in centrally 
planned management. 
The main aim of this paper is to demonstrate the possible 
utilization of prognostic models under the conditions of 
centrally planned economies, mainly on the governmental level. 
Under the changed economic conditions, the government can mnage 
the planned robot diffusion by applying indirect tools, such as 
price and tax measures. 
It must be stressed that this kind of model is one of the 
first attempts to forecast industrial robot penetration in 
centrally planned economies. In our opinion Czechoslovakia, a 
centrally planned economy with a very high level of industry, 
automation of industrial production and a relatively high 
population of robots per capita, provides a good case for the 
application of this prognostic model. 
I 1 .  THE P R K i R O S T  I C MODEL 
Let us start from the annual time series and let t be that 
time, which the values of the time series are referred to. 
Ye denote the growing rate of the number of IR in a given 
production system in time to by the following equation: 
where U, is the number of industrial robots in time t. 
Ye c a n  mndel I R  d i f f u s i o n  i n  t h e  r m n u f a c t u r i n g  p rocees  from 
t h e  presumpt ion  t h a t  t h e  rate of growth i n  t i m e  t is p a r t l y  
dependent  on t h e  r e l a t i o n  between l a b o r  and  r o b o t  co6 t6 ,  and 
p a r t l y  on t h e  r e l a t i o n  between t h e  margina l  p roduc t  of humsn 
l a b o r  and r o b o t  l a b o r .  
The m s r ~ i n a l  p roduc t  of human l a b o r  is t h e  i n c r e a s e  i n  
o u t p u t  of t h e  manufac tu r ing  sys t em r e s u l t i n g  f rom t h e  a d d i t i o n  of 
one worker t o  t h e  sys t em whi l e  p rov id ing  t h e  s y s t e m  w i t h  a l l  
o t h e r  msnufac tu r ing  r e s o u r c e s .  
The m a r ~ i n a l  p roduc t  of r o b o t  l a b o r  i n  t h a t  sy s t em d e n o t e s  
t h e  p o s s i b l e  i n c r e a s e  of p roduc t ion  of t h a t  p a r t i c u l a r  sys t em by 
t h e  i n s t a l l a t i o n  of  one r o b o t  wh i l e  p r o v i d i n g  t h e  sys t em wi th  a l l  
o t h e r  manufac tu r ing  r e s o u r c e s .  
I f  t h e  r a t i o  of l a b o r  c o s t s  t o  r o b o t  c o s t s  and  t h e  marginal  
p roduc t  of  one r o b o t  t o  t h e  margina l  p roduc t  of  one worker i n  a 
sys t em is growing,  t h e n  t h e r e  a r e  f a v o r a b l e  economic c o n d i t i o n s  
f o r  I R  a d o p t i o n  i n  t h i s  r e s p e c t i v e  manufac tu r ing  sys tem.  
I f  w e  assume g , , ,  t o  deno te  t h e  r a t i o  of  human l a b o r  c o s t  t o  
r o b o t  i n s t a l l a t i o n  c o s t  and g z e t  t h e  r a t i o  of margina l  product  of 
r o b o t  l a b o r  t o  t h e  margina l  product  of one  worker ,  t h e n  t h e  
growth r a t e  of t h e  number of I R  can  be e x p r e s s e d  a s  a f u n c t i o n  
where f u n c t i o n  f  s a t i s f i e s  t h e  f o l l o w i n g  c o n d i t i o n s :  
These c o n d i t i o n s  a r e  s a t i s f i e d ,  f o r  i n s t a n c e ,  by t h e  
f u n c t i o n  
If we denote human labor costs in time t C,.,,, then we can 
approximately define L,, as follows: 
where 
Vt is the average annual wage of one worker 
L t  is the number of workers 
Ut is the wage tax rate (paid by the company) 
Yc is the rate of additional costs (e.8. for social 
provisions, etc. 1 .  
If we denote the operational costs of one robot by C,,,, 
then the following equation holds approximately true: 
where 
Ut is the number of IR (as above) 
P, is the robot price 
6, is the robot depreciation rate 
1, is the annual capital charge (based on the installation 
value of production capital goods) 
a, is the rate of additionally required costs. 
Under these conditions the ratio g,,, holds true 
hence 
(1 + wt + y t )  Vt. Lt 
g7.t = . - . -  
(6t. + A t .  + a,) Pt. Ut 
It is possible to derive the g,. ratio from a dynamic 
production function of the following type: 
where 
Y, is the gross production of the manufacturing system in 
constant prices 
K, are the production capital costs without IR in 
installed prices 
EN, is electricity consumption in kVh 
at, b,, c,, d,., e,. are variable proportional parameters. 
The marginal product of human labor and robot labor is -- on 
the basis of the above-mentioned model (10) -- directly dependent 
on a partial derivative of the production function by the number 
of workers and the number of IR. 
Under such conditions g,,, can be expressed in the following 
form: 
The proportional parameters of the production function can 
be specified, e.g., by means of the least square method in 
logarithmic form with exponential forgetting. 
The resultant relationship for the growth rate of the number 
of IR can be defined as follows: 
e, (1 + U, + Y ,) Vt, L2t 
I c = k -  -- 
c,. ( 6 ,  + A, + a,.) P,. ~ 2 %  
or, let us say for the number of installed robots in the 
respective manufacturing system the following recurrent 
relationship holds: 
'The dynamic production function is a square root filter for 
real time multivariable regression. For more details, see 
I Zaruba, 19851 . 
e, (1 + w,. + Y,) V, L',. 
U,+, = U c  + k - -- 
c, (6, + A, + a,.) Pt U, 
Constant k can be determined from the previous period by 
means of a simple linear regression. 
The augmentation of the number of installed robots can then 
be expressed on the basis of the following five partial factors: 
e, 
f,: - 
c t. 
f,: L, 
expresses the ratio of the 
influence of technological 
conditions of the 
manufacturing system on the IR 
adopt ion; 
expresses the ratio of the 
influence of the government on 
the penetration of IR in the 
respective manufacturing 1 
system; 
expresses the influence of the 
robot price and wages on the 
penetration of IR; 
expresses the influence of the 
so-called regressive effect of 
robotization. During the 
first phase the robots are 
introduced above all at the 
workshops with a low labor 
productivity and in the course 
of ti= the substitution 
process involves the workshops 
with increasingly higher labor 
productivity, which is 
inhibiting IR diffusion; 
expresses the influence of the 
tendency of release of man- 
power from the production area 
and the shift to the other 
areas (e . g, service) . 
111. UTILIZATIOB OF MODEL RESULTS 
Vhen we analyze the prerequisites and conditions for the 
adoption of the model results in detail, we can state that in 
centrally planned economic systems there is a very broad field 
for model results application. But the effective utilization of 
the models of this kind is only possible under the conditions of 
a so-called relative independence of the companies and 
enterprises, when centrally planned management is combined with 
the initiative and entrepreneurship of the company and enterprise 
management. 
Under such specific conditions the government has very 
effective indirect economic tools to reach the target in 
production automation. The results obtained from the prognostic 
simulation model are very useful guidelines for specifying the 
level of IR prices, differentiation of taxes, assessment of 
production resources, such as capital goods, man-power, and 
inventories. Adoption of such tools can eliminate the 
bottlenecks which currently hamper the plan, and -- what is much 
more important --, the automation devices will be adopted more 
effectively. 
If we assess the possibilities of utilization of prognostic 
simulation model results in the market and centrally planned 
economies mentioned above from a purely theoretical point of 
view, we come to the conclusion that the market economies can use 
the results "ex post", but the centrally planned economies have 
the possibility of utilizing the model results "ex ante", under 
the conditions of a combined centrally planned management and 
company nranhgement initiative and entrepreneurship. 
An elaborated prognostic simulation model can serve for the 
simulation of robot diffusion in manufacturing systems in the 
different stages of aggregation, from the enterprise or company 
level to the whole industry. The model can be used mainly for 
the following situations and preconditions: 
- for the simulation of the number of installed IR in the 
future at the current tax level of wages and production 
capital good charges, under the existing technological 
conditions, the existing wage development, the assessed 
price development and the disposable number of workers; 
- for the analysis of the necessary changes of taxes in order 
to stimulate the manufacturing system to adopt the planned 
number of IR in that particular system; 
- for the analysis of the IR price development under the 
existing conditions in order to stimulate the manufacturing 
system to adopt the planned number of IR in that particular 
system; 
- for the analysis of robot demand in the respective 
manufacturing system. 
Compared with the model so far used for market economies, 
which concentrates on labor substitution, other additional 
factors are included in our model and its utilization is 
logically broader. 
For the future development of the model it will be useful to 
take into account the substantial difference in costs between 
individual and group implementation of IR. The other factor 
which can contribute to a higher precision of the model results 
is the division of IR into groups. Such attempts have, however, 
so far stumbled over the obstacle of the lack of necessary 
information. 
IV. APPLICATION OF THE MODEL IN THE CZECHOSLOVAK INDUSTRY 
The proportional parameters of the dynamic production 
function were specified from the input data (shown in Table l), 
where Y,, K, are expressed in thousand Czech crowns, L, is the 
number of so-called physical persons, ENt is expressed in k M  and 
U, is the number of IR. 
In Table 2 the development of proportional parameters is 
calculated with the factor of exponential forgetting . = 0.9. 
Table 3 shows the comparison of the real and the modelled 
value of Yt and the relative error in X for various years. 
Table 4 shows the testing of the model on the historical 
data. HAD (Wean Absolute Deviation) is 35,62. It proves that 
the model is of high sensitivity. 
It turns out that for the conditions of the Czechoslovak 
Table 1. Historical input data for the Czechoslovak industry 
Gross Installed Labor Elec- I ndus- 
Output Capital (Workers) tricity trial 
(ex. IR) Con- Robots 
at cost sumpt ion 
Year y, Kt L t EB t U, 
Table 2. Development of proportional p a r a ~ t e r s  of the dynamic 
production function 
- 
Year at b + c .t d , e i  
Table 3. Comparison of real and modelled production Y, 
Year Reality Wode 1 Rel. error, X 
Table 4. Testing of the model on historical data 
(Bormalized to 1978) 
Year Real U, Model Difference 
industry the ratio of proportional parameters is practically 
constant and the real figure i6 
In the Czechoslovak industry the w,, Yte  6,, A,, ate W+, P+. 
currently have the following values:" 
w, = 0.2 
Y, = 0.15 
6, = 0.14 
A, = 0.1 
at. = 0.15 
V, = 36 780 Kcs 
P, = 377 400 Kcs 
Under the conditions presented above the value of constant 
k = 1.41379 - I@-". 
The prognoses of the number of workers in the Czechoslovak 
industry was taken from the official plan-prognosis by the year 
2000. 
1987 2 611 450 
1988 2 617 500 
1989 2 622 900 
1990 2 627 700 
1991 2 640 400 
1992 2 652 800 
1993 2 665 700 
1994 2 679 000 
1995 2 690 100 
Four scenarios of IR diffusion in the Czechoslovak industry 
were carried out, using the above-mentioned model: 
1. Scenario - V, : For the same taxes as already applied with 
constant wage level and IR prices <most 
pessimistic with regard to economic changes); 
2Raw data have not been released for publication. 
2. Scenario - V,: For the same taxes as already applied, but 
with 2% annual growth of wages and 1% annual 
decline of IR prices; 
3. Scenario - V,: For a deliberate increase in wage taxes of 
man-power at a rate of w,. = 0.5 and a 
constant level of wages and robot prices; 
4. Scenario - V4: For a deliberate increase of the taxes of 
wages at a rate of w,. = 0.5, but with a 2% 
annual growth of wages and a 1% annual 
decrease of IR prices (most optimistic from 
the point of view of economic changes). 
The figures for the different scenarios V,, V, V, and V1 
are shown in Table 5. 
The graphical illustration of these four scenarios is given 
in Figure 1. 
From the current development of the economic conditions in 
Czechoslovakia we can infer that the most probable scenario is 
v*. 
Table 5. Scenarios of robot penetration in Czechoelovakia 
Year v, VZ V s V- 
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1. Introduction 
The seventies have marked the onset o f  an historical phase of great 
instabi 1 ity and uncertainty in the development of world economy. 
Repercussions on the manufacturing environment have been such as to 
place in doubt the traditional success-seeking approach models adopted 
by companies. The models, basicall y, exerted pressure on consumer 
demands in continually expanding markets and on mass production economy. 
Moreover, economic operators have determined a steady growth in the 
demand for flexibility and for the capability of adopting production 
resources to the turbulence of the environment. 
Such demands have found correspondence in an interdependent reality of 
new technological opportunities, which, according to the 
conceptualization proposed by some experts (see Freeman, 1987; Perez, 
1983 and 19851, have generated a new "technical-economical meta- 
paradigm, capable of radically changing manufacturing functions and the 
behavioural rules of companies. Such meta-paradigm, based on a new low- 
cost input media - the microelectronics chip - biases production 
technologies of every sector of industry and is identifiable through 
some distinctive traits: (a) the shift to information intensive 
processes and products rather than high energy and materials contents, 
(b) the introduction of production processes, based on economies of 
scope, capable of effectively producing diversified ranges of products, 
(c) the evolution of managerial practices towards the total integration 
of functions to enhance the capability of dynamically responding to 
external stimuli. 
A vigorous upswing of innovation in production processes has been 
thus witnessed, which, on the other hand, has taken on characteristics 
of growing complexity. In fact, innovation to a process often demands 
innovations to the organizational-managerial and product spheres, to 
fully exploit the potentialities offered by the technologies introduced 
(Colombo and Mariotti, 1987). 
In the reality of this scenario and within discontinuous production 
processes, the change from "rigid" automation, typical of production 
line manufacturing models , to flexible automation (FA) occurred, just 
as synergical models of productionand management became to be 
established together with the management of differentiated product 
families (Colombo and Mariotti, 1985). The potentialities offered by the 
introduction of microprocessors and computers to design and 
manufacturing technologies have been increased, on the one hand, by the 
development of conceptual and application software capable of supporting 
highly sophisticated and intelligent control systems and on the other 
hand, by the crucial developments introduced through automation 
techniques and auxiliary plant oriented technologies. 
It is important to point out how AF related technology radical1 
--? transforms the elements of scientific and technical progress previous y 
mentioned, through their original combination, which in fact hinges on 
the concept of system inte ration. Deep discontinuity is thus present, 
with respect to the past, --p-h- in t e techniques and the tools to manage the 
whole manufacturing activity and its relations with the managerial 
activities of the company. 
The diffusion of FA implies and finds its drive in a new definition of 
the success model for firms (Nelson and Winter, 1982) in which the main 
ingredients are a new equilibrium in the trade-off between dynamic and 
static efficiency and the adoption by firms of production strategies 
better tuned to market requirements and more intimately based upon 
product innovatioddifferent iation. 
Typical of every deep change, the introduction and spread of FA has 
required a long period of gestation meeting difficulties and immobi- 
1 ities, particularly when complementary innovations were requested in 
the organizational area and in the technical-managerial approach of the 
company. Freeman (1987) observes how already in the fifties Diebold 
(1952) was able to outline with extreme clarity the technological 
trajectories of the "automatic factory" and the implications as referred 
to the scale of the investments required, the re-design of products and 
processes, the re-training of the manpower and, last1 y, the necessity 
bringing about fundamental changes in the attitudes and habits of 
management. 
Nevertheless, only the eighties and under the firm pressure of a 
worldwide economy restructuring rush, a few "solutions" to the problems 
posed by the development of techniques and human resources are ripening. 
The rate of introduction of FA in the most developed countries has been 
consistently high and following trajectories apparently strongly 
influenced by the demand generated by the large manufacturing firms 
involved in mass production roles. It is, in fact, these firms that have 
undergone the deepest changes and disruptions in the oligopolistic 
structures of markets. In turn, the markets solicited the search for 
production alternatives such to allow the introduction of flexible 
management techniques on large production lines aiming to increase the 
innovation and differentiation rate of products. 
These evolutionary assumptions have conditioned the growth of FA 
systems. Only recently have configurations appeared having a wider 
spectrum of utilization such to satisfy the growing demand, even though, 
at times, rather untimely and poorly focalized by heterogeneous classes 
of companies. The present diffusion phase has overcome the introductory 
period and has reached levels appropriate to the performance of 
significative quantitative analysis to identify and qualify the salient 
economic traits of its development dynamics. 
The intention of this paper is to provide a cognitive contribution 
within the said guidelines, by illustrating the main results of a 
research conducted on the diffusive dynamics of FA systems in the 
Italian metalworking industry. The research has drawn upon the 
information contained in the FLAUTO database, processed by the 
Laboratorio di Economia dei Processi di Automazione of the MIP - Milan 
Polytechnic and updated to June 30, 1987. The mentioned database 
interests a sample of nearly 3,000 companies and is considered as being 
the largest and most recent font of information on the considered 
phenomenon available in ~ t a l y . ~  
The logical subdivision of the paper considers, first of all, the 
economic factors connected to FA that influence in a determining way the 
diffusion process. Follows the illustration of the dynamics of the 
diffusion of the various typologies of flexible systems in Italy, from 
the origins to today. Subsequently the basis of the adopted "diffusive 
model" is described, with reference to some classic variables: sectorial 
diffusion, territorial, by size of classes and by type of company that 
adopted it. This allows to enucleate a series of interpretations useful 
to the economic debate risen around the FA theme, both for the 
definition of industrial policies to uphold the productive apparatus of 
the Italian industry. 
2. Nature of Flexible Automation and their Influence on t h e  
Diffusion Process 
2.1. Innovations System and System Innovation 
The term FA generally is referred to a "cluster" of process 
innovations deriving from the same technological paradigm. Herein the 
attention is concentrated on FA Systems, defined as integrated hardware 
and software assemblies of machinery and devices, the purpose of which 
is to design and/or produce a defined range of products, in automatic 
mode. Within FA systems, an intense generation of new products has been 
witnessed, each displaying distinctive capabi 1 ities and characteristics. 
Such products are characterized both by relationships of competitive- 
ness, as they offer technical solutions, with different levels of 
efficiency and cost, to similar economic problems and by relationships 
of complementarity originated by technological convergencies and through 
mutual learning processes. 
In spite of the diversity of the technological solutions and the 
degree of liberty still available for an evolutionary development, it is 
possible to identify a series of characteristics that link the various 
FA systems and influence their diffusion process. 
Firstly, let the functional and sectorial s read be considered. 
Potentially, FA applications span the whole arc % o iscontinuous type 
industrial processes and extend to every phase and function of the 
productive transformation, that is; design, manufacturing, assembly, 
measurement and plant logistics. Such spread, at intra-company level, is 
strengthened by the complementarities that establish between the various 
appl icationa 1 spheres (particular1 y between the design/production 
engineering of the product and the subsequent transformation phases) 
and, above all, by the modular and open characteristics typical of 
flexible systems. These latter characteristics, that rely on hardware 
and software interfaces and allow to a fair extent the addition and/or 
the substitution of various elements and subsystems, confer to the 
system the metamor hic ability of changing its inherent structure to 
mold it to mar - I d +  et c anges and new requirements. 
The modular potentialities of the systems can only become evident 
if industrial standards, concerning the "system architecture" and the 
compati bi 1 i ty among the equipment, become accepted. On this point there 
still is a condition of uncertainty due to the combined absence of a 
strategy agreement among the leading manufacturers and the limited 
knowledge of the users. 
The uncertainty over standards completely slows down the diffusion 
process and favours the realization of customized solutions, applicable 
only to a single user. 'These solution, though offering a contingent 
answer to demands, prevent the mid-term rationalization of supply and 
the attainment of the adequate economies of scale to manufacture the 
systems. Resulting high market costs in turn slow down further the 
diffusion rate. 
Secondly, the mentioned variety of FA products induces a diffusion 
of flexible systems along a continuum of technological solutions, 
starting from the simplest stand-alone work stations to the complex FMS 
systems and to the technological frontier represented by total 
integration of company functions (CIM). Diffusion is thus marked by a 
wide variety of intermediate forms, which, in exchange for a reduction 
of performance, with respect to border-line solutions in terms of 
flexibility of range and of operability in degraded conditions, involve 
a lowering of investments and of the know-how required to efficiently 
run the plants. 
Thirdly, the innovative potential of FA is only partially present 
within the machines, in the devices and in the management software that 
make up a flexible plant. To ensure high profitability for the adoption 
of a flexible system, some complementary innovations, mainly in the 
organizat ional-managerial areas, become necessary. The innovations are 
proportional to the size and complexity of the installed systems and are 
linked to the product mix, to the organizational procedures and to the 
market strategies. 
Moreover, it has been pointed out by several sources that,although the 
advantages introduced by the adoption of new technologies in terms of 
costs and yields should not be minimized, compa ies can expect to draw 9 considerable advantages upon the competition . A different market 
positioning can be achieved through FA and those strategies that deeply 
innovate the comercial relationship of the company with its customer 
base can be adopted; strategies that are based on non-price competition; 
such as quality and service levels and product differentiation and 
diversification policies. 
The implementation of such strategies and the exploitation of the 
potentialities offered by FA often imply the integrated redesign of the 
productlprocess and the restructuring of considerable portions of the 
logistic organization of the installing company. Flexible Automation 
appears, to express it in other terms, a radical innovation to the 
s stem. It not only requires the acquisition of complex technical h now ow to integrate the traditiona 1 orientation typical of mechanical 
technologies to that of computer based systems, but also and above all, 
the cumulative development of designing capabilities and managerial 
expertise to obtain mutual adaptation between the new technologies and 
the structure-strategy of the company. Learning processes play in this 
way an essential role in determining system performance and in 
encouraging the continuation along the "paths of automation1', bringing 
companies closer to the technological frontiers, in the aim of reaching 
higher levels of automatic integration of the production activities. 
2.2. T h e  Barriers t o  Adoption 
In relation to what said and considering the state of the art 
emerging from previous studies 4,  it is possible to derive which are the 
main barriers to the adoption of FA systems. Whenever reference is made 
to the more complex solutions, perched on the technological frontiers, 
said barriers may be summarized as follows: 
i) barriers attributable to the combined scale of production necessary 
to reach the saturation level of plants. 'These can be considered 
flexible in terms of range of products and mix, but display "steep" 
short-terms cost curves as the quantities vary. Such issue can be 
connected to various technical-production problems that not only 
concern the scale aggregated to the output, but also to its 
composition, in terms of e number of production variations and the 
size of the relative lotsr. Generally speaking, the dimension of the 
company, is positively correlated to the adoption of commercial 
policies centred on a wide product mix and range, such to regularly 
saturate production potentialities; 
ii) system dependent barriers. These cause the efficiency of the 
installed plants to depend upon the functional horizon and upon the 
level of integration foreseen by the systems. Particular reference 
is made to the effects of complementarity among the FA'S installed 
during the design, the planning and the control of processing and 
of manufacturing; 
iii) financial barriers. Are connected to the size of the investments 
required, be these in terms of fixed capital or human resources. 
Furthermore, the performance of an FA system is difficult to 
evaluate beforehand as they depend upon correlated changes in the 
strategy-structure of the adopter. The costs of capital 
consequently grow in direct proportion to the risk of failure; 
iv) sunk costs barriers. These are the high costs that companies have 
to bear to introduce ex-novo FA systems. More " radical1' is the 
degree of innovation and greater the technological leap forward 
required, greater is the irrecoverableness and the depreciation of 
the existing tangible resources (plants and equipment) and 
intangible ones (ski 11s and organizational routines). Such costs 
can be spread out by introducing gradual changes, that is adopting 
intermediate solutions, technologically second best. This approach, 
obvious1 y , involves a performance trade-off; 
v) information and knowledge accumulation 1 imits barriers. These 1 imits 
are related to the cumulative characteristics and highly 
individual ized knowhow necessary for the implementat ion, development 
and control of the various FA systems available. Considered the 
nature of these characteristics, knowledge diffuses among potential 
adopters rather slowly. The transmission of knowhow through market 
channels is not efficient and the possibility of relying upon 
mechanisms of imitation and external learning is rather 1 imited; 
vi ) organizational-managerial barriers. Linked to the possi bi 1 ity of an 
across the board mobilization of managerial and technical resources 
either to conduct trials, to accumulate knowledge or to realize the 
necessary adjustments and fittings between technology and internal 
organization. 
The mentioned barriers do not favour the adoption of flexible 
automation systems, particularly in small and medium sized companies. 
References in 1 iterature (Meredith, 1987; Freeman, 19871, on the other 
hand, sustain that although the efficient utilization of the new 
flexible technologies can become inhibited by the rigid allocation and 
specialization of tasks, typical of the organizational culture of larger 
concerns, it may be stimulated by the horizontal flow of information. 
This has a tendency to increase, coeteris paribus, the probabilities of 
successful adoptions on the behalf of smaller firms. 
Such observations represent an area of unquestionable interest but must 
not be estranged from the context to which they belong; that is, the 
competitive international arena, fact that influences the implicit 
assumption of "average firm". It is the opinion of the authors that, 
whenever reference is made to dimensional notions closer to the 
interpretation of the Italian industrial reality (for which, a firm 
employing 500 or more, already belongs to the category of the large 
firms), it is beyond doubt that flexible automation creates an economic 
environment favourable to the larger rather than the smaller enterprise. 
2.3. Diffusion Paths 
It is possible to associate to the mentioned characteristics some 
stylizations of the diffusive model for FA systems. 
Firstly, considered the typology of the adoption barriers, one can 
expect that company-specif ic structural features, such as the sectorial 
typology and size, play a decisive role in swaying the adoption to an 
extent greater than that highlighted in previous studies regarding the 
diffusion of "complex" process innovations (Davies, 1979). Both the 
pioneers of adoption and the quick imitators are to be found within 
large enterprises and units belonging to internationalized oligopol istic 
and scale-intensive sectors (Pavitt, 1984). The latter sectors are those 
which display a more settled process innovation culture. 
Secondly, technological and market instability, difficulties in the 
accumulation of knowledge, combined to the action of the barriers to 
adoption, favour a step-by-step approach to FA systems; this not only 
allows the abatement of initial investment costs, but also initiates a 
learning process intimately linked to the new technologies. 
The behaviour of companies, as can be seen, becomes oriented towards a 
localized search model (Cainarca, Colombo and Mariotti, 1987a), which is 
an innovation process that develops "around" combined knowledge pools 
and tends to optimize the trade-off between the advantages offered by 
the new technology and the replacement costs relative to the previous 
equipment and to the immaterial resources, such as the acquired 
knowledge connected to the superseded technology. 
The innovative gradualism is encouraged by the potential modularity of 
the systems and, above all, by the presence of intermediate foms of FA 
systems. These latter take on a relevant role mainly in the first stages 
of diffusion and have been inexplicably neglected by the greater p rtion 
€! of national and international literature dealing with the FA topic . 
Lastly, the paths of diffusion seem dominated, in the short and 
medium term, by a persistent market disequilibrium. In correspondence 
with the localized search of the adopters, the behaviour of producers of 
FA cannot systematical 1 y follow the demand and develop highly 
sophisticated and customized systems without incurring into prohibitive 
costs merely to privilege specific design and acquire an intimate 
knowledge of products/processes of potential customers. Moreover, FA 
system manufacturers are unable to rationalize demand and impose their 
prevailing models. 'The missing convergence between supply and demand 
induces the potential adopters to design and realize in-house systems 
capable of executing specific functions and in line with the 
requirements of localized search. 
This tendency often results in the installation of facilities that 
integrate new architectures by introducing new machinery and devices 
into existing plants. System knowhow and the necessary skills can be 
alternatively purchased on the market (engineering companies or system 
houses), or developed internally. 
'The phenomenon of generating FA systems in-house, with the 
possibility of partially utilizing existing equipment, hence referred to 
as retrofitting, concerns various factors. Partially it has a 
physiological characteristic, being it connected to non-transferable 
personalization requirements on the user behalf which can not be 
satisfied through market channels. Yet, to a greater extent, it has 
pathologic origins in the inability of the market to balance and 
regulate the relationships between supply and demand, particularly in 
the phase when complex innovations are being introduced and developed. 
3. The Diffusion of Flexible Automation in the Italian 
Netalworking Industry 
3.1. Empirical References 
The analysis of the dynamics and of the diffusion model of Flexible 
Automation in the Italian metalwork' g industry is based upon the Y' information contained in the FLAUTO database. The database, that 
concerns the adoption of new FA systems and holds a sample of 2,927 
plants to represent about 25,000 manufacturing plants, each with over 10 
employees, is continually updated. The units all belong to the Italian 
metalworking industry. 
The empirical results presented through this paper refer to the 
following typologies: 
i) as far as the adopted technologies are concerned, systems of any 
complexity, for the manufacture and design and manufacture/design 
interfaces, are considered. Systems, be these new installations or 
obtained by retrofitting, are classified in 6 categories, in 
adherence with the definitions provided in the Appendix, that is, 
flexible NC, CNC and DNC manufacturing systems, CAM, CAD and CAD/CAM 
design systems. NC systems represent the main body of the 
intermediate forms of FA systems; 
ii) as far as the adopter units are concerned, the sectorial belonging 
and localization are considered. Sizes refer both to the buildings 
in which the equipment is installed and to the firms to which the 
buildings belong. The analysis of adoption rates also considers the 
company structure and, in particular, the ownership share to 
Italian or foreign industrial or financial groups. 
3.2. General Dynamics of F A  System Diffusion 
Figures 1 and 2 and Table 1 illustrate the evolutionary dynamics of 
the adopters in the various FA system t pologies, starting from their 
introduction in the seventies to today {June, 1987) as per the FLAUTO 
sample. 
The diffusion curves invariably show the rise towards the end of 
the seventies. The growth of the adopters of FA systems nevertheless 
becomes particularly sharp in the latter period. The number of adopters, 
both for manufacturing and design systems more than doubled in two and a 
half years. By June 1987 the incidence of adopters on the FLAUTO total 
sample reaches 2.5% for manufacturing systems, while adoptions for 
design systems nearly reaches 12%. These values, projected on the 
universe of Italian companies, indicates that the diffusion of FA 
solutions in Italy has amply overtaken the introductory phase. 
The acceleration in the last years supports the hypothesis that in 
said period firms were particularly active in process innovations. 
What's more, it explains the increase of initiatives and strategic 
actions undertaken by system builders who, by take-overs and agreements, 
by aiming for technological, productive and trade complementari ties such 
to meet a rapidly evolving demand, in terms of quantity and qua1 ity. 
It is nevertheless useful to point out that the emerging image of 
FA from the FLAUTO database is rather distant from the CIM scenarios or 
from the totally integrated and automatized plants, which, presently, 
are quite far away and hardly significative for the purpose of 
describing the realistic growth paths of FA within firms. 
The distribution of the number of systems installed, by techno- 
logical types illustrated in Table 2, suggests that, within the 
manufacturing systems (which implies investments greater by an order of 
magnitude), the intermediate forms of FA continue to play a relevant 
role in the diffusion process. Even today NC systems represent the 
category with the greatest weight, with an incidence of 36% of the total 
installations of flexible manufacturing systems. 


T a b l e  1 - FLEXIBLE AUTOMATION I N  THE I T A L I A N  METALYORKING INDUSTRY 
NUMBER OF ADOPTER PLANTS AND ADOPTION RATES 
Survey o f  2927 Plants  a t  31 /12/1984 and 30/06/1987 
Source: FLAUTO Data Base - MIP - Mi lan  Poly technic  
System 
TYPO 1 ogy 
1 - F l e x i b l e  
Manufactur ing 
Systems 
NC 
CNC 
DNC 
2 - Design / 
I n t e r f a c e  
Systems 
CAD 
CAM 
CAD/CAM 
VARIATION 
1984-1 987 
(8-A) / (A)  
121.21 
34.78 
175.00 
275.00 
109.88 
275.93 
21.82 
389.47 
ADOPTER PLANTS 
a t  31 /12/1984 
N o . o f  % o n  
a t  30/06/1987 
N o . o f  % o n  
Plants  
33 
23 
8 
8 
162 
54 
110 
19 
Plants  
73 
31 
22 
30 
340 
203 
134 
93 
Sample 
1.13 
0.79 
0.27 
0.27 
5.53 
1.84 
3.76 
0.65 
Sample 
2.49 
1.06 
0.75 
1.02 
11.62 
6.94 
4.58 
3.18 
T a b l e  2 - FLEXIBLE AUTOMATION SYSTEMS 
I N  THE I T A L I A N  METALWORKING INDUSTRY 
D IFFUSION BY SYSTEM TYPOLOGY 
Survey on 2927 Plants at 31/12/1984 and 30/06/1987 
Source: FLAUTO Data Base - MIP - Milan Polytechnic 
System Typology 
1 - Flexible 
Manufacturing 
Systems 
NC 
CNC 
DNC 
2 - Design / 
Interface 
Systems 
CAD 
CAM 
CAD/CAM 
Variation 
1984-1 987 
(B-A)/(A) 
% 
82.28 
44.44 
70.37 
187.50 
142.62 
294.44 
19.09 
426.32 
Systems Instal led 
at 31 /12/1984 
(A) 
No 
79 
36 
27 
16 
183 
54 
110 
19 
at 30/06/1987 
(B) 
% 
100 
45.6 
34.2 
20.3 
100 
29.5 
60.1 
10.4 
N o  
144 
52 
46 
46 
444 
213 
131 
100 
% 
100 
36.1 
31.9 
31.9 
100 
48.0 
29.5 
22.5 
Furthermore, Table 3 shows how the retrofitting solutions are 
diffused within the adopter firms, reaching, at June 1987, 30% of the 
total number of adopters of flexible manufacturing systems. It is of 
worthy notice that clearly the highest rate (nearly 41%) is reached by 
adopters of systems displaying intermediate sophistication in technology 
and management intelligence, as those associated with the CNC approach. 
These phenomena confirm the orientation of a significative slice of 
firms towards the step-by-step approach. As already illustrated 
elsewhere (Cainarca, Colombo and Mariotti, 1987a1, innovative gradualism 
is considerably influenced by the technical-managerial profile of the 
adopter firms and by the size and depth of knowledge by these 
accumulated. However, the learning processes most frequent1 y experi - 
mented by firms are quite intense and the analysis of the variation 
rates on the number of installed systems (see Table 2) shows how such 
gradual ism is leading the firms towards systems possessing ever 
increasing levels of technological sophistication. 
The rate of growth of DNC manufacturing systems, in the 1984-87 
period, was more than double that of the total for manufacturing systems 
and four times greater than that of the simpler systems. While CAD 
systems installations grew three times in the same period, those 
referred to the more advanced CAD/CAM systems actually quadrupled. In 
fact, a closer computer driven integration between the phases of design 
and manufacturing is becoming a reality, particularly through the effect 
of mutual induction, when the two complementary technologies are 
adopted. 
This positive and compound movement nevertheless hides pecul iar 
traits and unbalances of the diffusion system that can be identified 
only through an opportune disaggregation of data. 
3.3. Intersectorial Diffusion 
Rates of adoption of FA systems appear heavily differentiated by 
sectorial typology (Tables 4a and 4b). 
Oligopolistic sectors relying upon mass production and those 
possessing engineering ski 1 1  s and tendencies towards process innovations 
are at the forefront in adopting the new technologies. Transportation 
equipment, household appliances and transmission equipment confirm the 
role of innovators in the field of manufacturing systems, while 
aerospace equipment and machine tools rank first in automated design. 
The last couple of years have witnessed a vigorous upswing of the 
"imitators", which have undertaken a consistent adoption process in data 
processing with CNC and CND systems and electronics and telecom- 
munications with CAD systems. 
T a b l e  3 - FLEXIBLE AUTOMATION SYSTEMS 
I N  THE I T A L I A N  METALWORKING INDUSTRY 
NUMBER OF ADOPTERS AND RETROFITS AND INCIDENCE ON TOTAL 
Survey on 2927 Plants at 31/12/1984 and 30/06/1987 
Source: FLAUTO Data ease - MIP - Milan Polytechnic 
System 
TYPO logy 
1 - Flexible 
Manufacturing 
Systems 
NC 
CNC 
CND 
Adopter Plants 
at 31/12/1984 at 30/06/1987 
% 
(A/B) 
24.24 
17.39 
25.00 
25.00 
Retrofit 
(A) 
8 
4 
2 
2 
% 
(A/B) 
30.14 
25.81 
40.91 
20.00 
Total 
(B) 
33 
23 
8 
8 
Retrofit 
(A) 
22 
8 
9 
6 
Total 
(B) 
73 
31 
22 
30 
Table 4a - FLEXIBLE MANUFACTURING SYSTEMS IN THE ITALIAN METALWORKING INDUSTRY 
ADOPTION RATES BY SYSTEM TYPOLOGY AND SECTORS OF ACTIVITY 
Survey on 2927 Plants at 31/12/1984 and 30/06/1987 
Source: FLAUTO Data Base - MIP - Milan Polytechnic 
Description of Sectors 
of Activity 
Production and transformation of metals 
Foundries and related processes 
Metal products 
Sheetmetal containers (boilers, tanks, etc) 
Other metal-working workshops 
Mil 1 ing machines 
Machine tools 
Transmission equipment 
Other machinery and equipment 
Data processing and office equipment 
Electrical supplies 
Electrical equipment 
Electronics and telecommunications 
Household appl iances 
Pubblic transport equipment 
Vehicle bodies 
Other transportation equipment 
Aircraft 
Instrument engineering 
TOTALS 
TOTAL 
SYSTEMS 
% 84 % 87 
- 1.3 
- 0.9 
1.4 2.5 
- - 
- - 
1.1 2.5 
0.3 1.4 
3.2 4.8 
1.6 3.1 
- 16.7 
- - 
1.5 3.9 
0.9 0.9 
4.3 6.4 
4.7 8.7 
- - 
- - 
- - 
- - 
1.1 2.5 
NC 
SYSTEMS 
% 84 % 87 
- - 
- - 
1.4 2.1 
- - 
- - 
0.8 0.9 
0.3 0.3 
1.6 1.6 
1.6 2.6 
- - 
- - 
0.8 0.8 
- - 
4.3 4.3 
1.7 2.9 
- - 
- - 
- - 
- - 
0.8 1.1 
CNC 
SYSTEMS 
% 84 % 87 
- 0.7 
- 0.3 
0.2 0.6 
- - 
- - 
0.3 1.1 
- - 
1.6 3.2 
- - 
- 8.3 
- - 
0.8 2.3 
0.9 0.9 
- 2.1 
1.2 1.2 
- - 
- - 
- - 
- - 
0.3 0.8 
DNC 
SYSTEMS 
% 84 % 87 
- 0.7 
- 0.5 
- 0.2 
- - 
- - 
0.3 0.8 
- 1.4 
- - 
- 0.5 
- 8.3 
- - 
- 1.6 
0.9 0.9 
- 2.1 
2.9 5.8 
- - 
- - 
- - 
- - 
0.3 1.0 
Table 4b - DESIGN / INTERFACE SYSTEMS IN THE ITALIAN METALYORKING INDUSTRY 
ADOPTION RATES BY SYSTEM TYPOLOGY AND SECTORS OF ACTIVITY 
Survey on 2927 Plants at 31/12/1984 and 3010611987 
Source: FLAUTO Data Base - MIP - Milan Polytechnic 
CAD-CAM 
SYSTEMS 
% 84 % 87 
- 0.7 
- 1.7 
0.4 1.5 
- - 
- - 
0.8 3.6 
0.9 5.8 
1.6 1.6 
- 0.5 
- - 
- - 
0.8 4.7 
- 4.7 
- - 
0.6 5.2 
4.2 4.2 
3.9 5.9 
14.3 28.6 
- 5.4 
0.6 3.2 
Description of Sectors 
of Activity 
Production and transformation of metals 
Foundries and related processes 
Metal products 
Sheetmetal containers (boilers, tanks, etc) 
Other metal-working workshops 
Milling machines 
Machine tools 
Transmission equipment 
Other machinery and equipment 
Data processing and office equipment 
Electrical supplies 
Electrical equipment 
Electronics and telecommunications 
Household appliances 
Pubblic transport equipment 
Vehicle bodies 
Other transportation equipment 
Aircraft 
Instrument engineering 
TOTALS 
TOTAL 
SYSTEMS 
% 84 % 87 
1.3 4.6 
1.7 3.7 
1.4 5.0 
6.3 15.6 
- 11.1 
5.9 14.2 
11.6 18.8 
4.8 9.5 
7.3 10.9 
8.3 8.3 
- - 
6.9 16.3 
6.6 20.8 
4.3 12.8 
9.3 17.4 
4.2 4.2 
3.9 7.8 
33.3 42.9 
6.8 17.6 
5.5 11.6 
CAD 
SYSTEMS 
% 84 % 87 
- 3.3 
0.3 0.6 
0.2 2.5 
3.1 12.5 
- 11.1 
2.2 9.0 
1.2 7.2 
- 3.2 
2.6 7.3 
- 8.3 
- - 
4.6 14.7 
4.7 16.0 
4.3 12.8 
4.7 11.6 
- - 
2.0 3.9 
19.0 28.6 
2.7 12.2 
1.8 6.9 
CAM 
SYSTEMS 
% 84 % 87 
1.3 1.3 
1.4 2.3 
1.0 1.7 
6.3 6.3 
- - 
3.7 5.0 
10.1 11.6 
3.2 4.8 
5.7 5.7 
8.3 8.3 
- - 
2.3 2.3 
2.8 4.7 
- - 
6.4 7.6 
- - 
- - 
9.5 9.5 
5.4 5.4 
3.8 4.6 
All together, the above are the sectors in which, presumably, the 
most intense demand for flexibility has occurred. This has been 
determined as response to the increasing international market turbulence 
combined with the presence of a technical-managerial company culture 
capable of finding advanced solutions to its requirements. The largest 
accumulation of knowhow and of material and immaterial resources leads 
the localized search model of potential adopters towards the most 
advanced solutions. 
'The data appearing in Tables 4a and 4b also show how, all being 
equal, specific technical-economic characteristics of production (for 
example, the size of production lots) influence the diffusion at 
sectorial level, imposing restrictions to the adoption of certain system 
typologies. The aerospace industry is emblematic. In accordance with 
other research areas (Rees and others, 1984), aerospace has the highest 
adoption rates for design systems (28.5% both for CAD and CAD/CAM for 
1987). In flexible manufacturing system instead, they are totally absent 
in Italy. This can be related both to the size of the companies and to 
the manufacturing typology of the domestic industry, which results based 
on jobbing with small production lots, slotted below the m'nimum Q economic threshold a1 lowed by the present technological solutions . 
A mention is to be made to the machine tool sector. It has an 
adoption rate for manufacturing systems equal to only 1.45% for 1987, 
which is certainly under the 2.49% average. The datum is in clear 
contrast with the characteristics of supply of equipment from other 
countries, such as Japan, where producers are also their greatest users. 
Product fragmentation in the sector and the orientation towards 
dedicated equipment, probably is at the base of the results. It 
nevertheless poses questions upon the capability of national manufac- 
turers to design and produce systems competitive with those of the large 
international concerns, especially in a sector where the learn by doing 
concept takes-on great importance, particularly in the present 
tumultuous phase in which industrial standards are being selected. 
3.4. Territorial Diffusion 
A certain caution is necessary when data belonging to the 
geographic placing of the FA adopters, illustrated in Tables 5a and 5b, 
are interpreted. The degree of coverage of the various regional samples 
of the FLAUTO database, with respect to the number of companies sampled 
there located, is, for Central and Southern Italian regions, on average, 
20% lower than the Northern ones. If one assumes, and it would be 
understandable, that the samples relative to such arey are biased, it 
is because the more technological 1 y advanced companies located in such 
areas have responded more compactly and the adoption rates could be 
considered as overrated, as reference is made to the various typologies 
of automation systems. 
T a b l e  5a - FLEXIBLE MANUFACTURING SYSTEMS I N  THE I T A L I A N  METALWORKING INDUSTRY 
ADOPTION RATES BY SYSTEM TYPOLOGY AND GEOGRAPHIC AREAS 
Survey on 2927 P l a n t s  a t  31/12/1984 and 3010611987 
Source: FLAUTO Data Base - MIP - M i l a n  Po l y techn i c  
DNC 
SYSTEMS 
% 84 % 87 
0.3 1.1 
0.5 0.8 
0.3 1.2 
0.3 1.1 
- 0.9 
0.7 1.4 
- 1.0 
- 1.8 
- - 
- - 
Oa3 I 
D e s c r i p t i o n  o f  
Geographic Areas 
NORTH WEST ITALY 
o f  which: 
- Piedmont 
- Lombardy 
NORTH EAST ITALY 
o f  which: 
- Veneto 
- E m i l i a  Romagna 
CENTRAL ITALY 
o f  which: 
- L a z i o  
SOUTH ITALY AND ISLANDS 
o f  which: 
- Campania 
TOTALS 
NC 
SYSTEMS 
% 84 % 87 
1.0 1.2 
1.0 1.3 
0.8 1.0 
0.8 1.1 
1.2 1.8 
0.5 0.5 
- 0.3 
- - 
0.6 1.1 
1.3 2.6 
0.8 1.1 
TOTAL 
SYSTEMS 
% 84 % 87 
1.2 2.6 
1.5 3.0 
1.0 2.4 
1.3 2.9 
1.2 2.6 
1.6 3.3 
0.3 1.3 
- 1.8 
0.6 1.1 
1.3 2.6 
1.1 2.5 
CNC 
SYSTEMS 
% 84 % 87 
0.3 0.8 
0.5 1.8 
0.2 0.5 
0.2 0.9 
- 0.3 
0.5 1.4 
0.3 0.3 
- - 
- - 
- - 
0.3 0.8 
T a b l e  5b - DESIGN / INTERFACE SYSTEMS I N  THE I T A L I A N  METALWORKING INDUSTRY 
ADOPTION RATES BY SYSTEM TYPOLOGY AND GEOGRAPHIC AREAS 
Survey on 2927 PIants  a t  31 /12/1984 and 30/06/1987 
Source: FLAUTO Data Base - MIP - M i l a n  Po ly techn ic  
D e s c r i p t i o n  o f  
Geographic Areas 
NORTH WEST ITALY 
o f  which: 
- Piedmont 
- Lombardy 
NORTH EAST ITALY 
o f  which: 
- Veneto 
- E m i l i a  Romagna 
CENTRAL ITALY 
o f  which: 
- Laz io  
SOUTH ITALY AND ISLANDS 
o f  which: 
- Campania 
TOTALS 
CAD 
SYSTEMS 
X 84 X 87 
1.5 6.8 
1.3 7.1 
1.2 6.4 
1.7 7.7 
1.5 5.8 
1.9 8.4 
1.9 6.1 
3.5 7.0 
5.1 6.2 
7.9 9.2 
1.8 6.9 
TOTAL 
SYSTEMS 
X 84 X 87 
5.3 11.7 
6.3 13.5 
4.5 10.7 
6.2 12.7 
6.4 11.7 
5.1 12.4 
4.5 10.0 
8.8 12.3 
6.2 8.4 
10.5 13.2 
5.5 11.6 
CAM 
SYSTEMS 
X 84 X 87 
3.7 4.4 
4.6 4.8 
3.2 4.0 
4.6 5.4 
5.0 5.8 
3.3 4.2 
2.6 3.9 
5.3 7.0 
2.2 2.8 
2.6 3.9 
3.8 4.6 
CAD-CAM 
SYSTEMS 
X 84 X 87 
0.8 3.4 
1.0 4.6 
0.6 2.9 
0.3 2.9 
0.6 3.8 
0.2 2.1 
0.3 2.3 
- 5.3 
1.7 3.9 
3.9 7.9 
0.6 3.2 
With that assumption, the diffusion gap between the North and the 
other regions of Italy becomes evident. The rates of Northern regions 
take on values equivalent to more than twice those relative to other 
regions. The differentials for design systems are less evident, even 
though substantial differences still exist, particularly to the 
disadvantage of Southern Italy areas. Moreover, the 1984-1987 adoption 
dynamics further widen the gap; a partial exception is represented by 
the Campania Region, which has an adoption rate higher than the national 
average, both for 1984 and 1987. The exception is perfectly justifiable 
by the fact that an important research and manufacturing centre for the 
Italian aerospace industry is located there. 
Overall, regional diffusion differentials are the direct expression 
of the more general disequi libria of the Italian industrial development 
model. However, these focalize the added difficulties that the lesser 
developed areas have in adopting complex technologies. The absence of 
adequate external services that could promote a "diffusivett attitude 
towards the rapid spread and assimilation by the firms of the innovative 
results provided by technical progress, with particular reference to 
those not integrated in plants and machinery, is a determining factor. 
3.5. Intercompany Diffusion 
Within the scenario of rapid diffusion of FA systems, the analysis 
of diffusion by classes of plant size, brings forward for each system 
typology a significant and systematic positive correlation between the 
adoption rates and the size of the adopter companies. Rate variations 
are considerable and, even though marginal convergencies are noticed by 
mid 1987, orders of magnitude are those shown in 1984. 
In the smaller plant class, with 10 to 199 employees, the only 
typology of systems that does not show marginal or null adoption rates 
(2.68% at the end of 1984) is also the most consolidated, that is the 
CAM driven systems. The situation undergoes a partial change towards the 
middle of 1987, mainly due to the diffusion of CAD and CAD/CAM systems, 
with adoption rates os 3.88% and 1.88%, respectively, and NC 
manufacturing systems with rates of 0.68%. However, adoption rates, for 
all typologies, remain drastically below the average values of the 
FLAUTO sample. 
The situation improves in the medium sized plants, that is firms 
with 200 to 499 employees, in which the diffusion rates come relatively 
closer to those of the next up class. The 1987 flexible automation 
adoption rates, both for manufacturing and for design/interface systems, 
take on values roughly half of those recorded for companies with 500 or 
more employees. The behaviour of medium sized plants clearly differs 
from that of the small units particularly when the more advanced 
systems, such as CND, CAD and CAD/CAM solutions, are considered. 
T a b l e  6 - FLEXIBLE AUTOMATION SYSTEMS I N  THE ITALIAN NETALYORKING INDUSTRY 
ADOPTION RATES BY SYSTEM TYPOLOGY AND BY PLANT S I Z E  CLASSES 
Survey on 2927 Plants a t  31 /12/1984 and a t  30/06/19871 
Source: FLAUTO Data Base - MIP - Milan Polytechnic 
PLANT SIZE - BY MANPOWER STRENGTH 
TOTAL 
% 84 % 87 
1.13 2.49 
0.78 1.06 
0.27 0.75 
0.2 1.02 
5.52 11.62 
1.84 6.94 
3.75 4.58 
0.65 3.18 
Descr ip t ion o f  System 
TYPO~OLIY 
FLEXIBLE MANUFACTURING 
SYSTEMS o f  which: 
- NC 
- CNC 
- DNC 
DESIGN / INTERFACE SYSTEMS 
o f  which: 
- CAD 
- CAM 
- CAD/CAM 
10 t o  199 
% 84 % 87 
0.52 1.36 
0.44 0.68 
0.08 0.40 
0.04 0.40 
3.20 7.64 
0.36 3.88 
2.68 3.36 
0.28 1.88 
200 t o  499 
% 84 % 87 
3.08 6.18 
2.31 2.70 
1.15 1.93 
0.38 2.70 
11.15 25.87 
4.62 17.76 
5.00 6.18 
2.31 7.72 
> 499 
% 84 % 87 
7.06 13.61 
3.53 4.14 
1.76 4.14 
3.53 7.69 
31.18 48.52 
19.41 35.50 
17.65 20.12 
3.53 15.38 
Data would seem to indicate that this dimensional belt represents the 
"critical threshold" for the adoption of the more advanced technologies. 
The overall consideration is that the larger sized manufacturing 
units are the clear leaders. In fact, they had by mid 1987 reasonably 
high adoption rates, with 13.61% for compound flexible manufacturing 
systems, 35.5% for CAD systems, 20.12% for CAM systems and 15.38% for 
CAD/CAM systems. The correlation between diffusion rates and large 
company size is also supported, as the sectorial analysis has already 
shown, by the incentives that the adoption of FA systems derives from 
the dynamics of competition in sectors having high concentration and 
with oligopolistic and internationalization characteristics. 
The analysis of distribution differentials, as a function of plant 
size, takes on particular interpretative meaning whenever it is compared 
with the typologies of the companies to which the FLAUTO sample manu- 
facturing units belong. This, in fact, and on the basis of work 
hypothesis presented further on, allows the acquisition of useful 
information concerning the factors and constraints that baulk the 
diffusion of advanced solutions of automation. 
It is interesting to distinguish, in the adoption barrier analysis, 
between technical-manufacturing barriers (minimum efficiency size, 
process/product typologies and effects due to technologica 1 
complementaritiesl and the financial, organizational and/or managerial 
barriers that arise when knowhow is not available. The separation 
between the two effects appears rather useful if industrial policymaking 
is analysed. So much so, that while the first barriers are of a greater 
difficulty to remove, being these conditioned by the evolution of the 
technical process and by the direction it has taken, the second type can 
be tackled, in theory, by means of precise regulative norms, either of a 
financial nature or such to uphold the entrepreneurial activity. 
What's more, in the first case, the areas of activities essentially 
concern the supply aspects and it becomes necessary to stimulate 
manufacturers to realize technological solutions befitting the smaller 
dimensional scales. In the second case, instead, industrial pol icy 
measures concern the demand side and the relative mechanisms of 
adoption. 
The hypothesis assumed is that it seems possible to draw precious 
guidelines for interventions in the two categories of effects by 
analysing the adoption differentials of those manufacturing units 
belonging to the same dimensional classes, irrespective whether they 
belong to to larger scale groups or not. In fact, while to the size of 
the various plants can be associated to the influence of typically 
technical-manufacturing factors, their belonging or not to industrial 
groups can explain the different interactions of f inancia 1, knowhow 
avai labi 1 ity and organizational and/or manageria 1 constraints. 
For identical conditions of manufacturing unit size and other operative 
conditions, highly differentiated adoption rates, typical of units 
belonging to industrial groups, find the availability of adequate 
resources an important determinant in overcoming the second adoption 
barrier. In terms of industrial policy, the measurement of such differ- 
entials leads to consider the feasibility of fostering adoptions, and to 
establish action lines not frustrated by stringent technological 
constraints. 
Herefol lowing are presented the results concerning the 
aforementioned analysis lo, carried out in adherence with the below 
classification of companies: 
- "independent companies", by which is meant that one or more 
production units are present, but without any share or proprietary 
link through which it can be controlled by other companies, operating 
either in Italy or abroad; 
- "industrial groups" of small to medium size (not exceeding 50,000 
employees), by which is meant legally distinct, multi-company 
industrial or financial groupings. This category includes, by 
definition, companies wholly owned or control led by foreign groups, 
as long as their size in within the stated; 
- "large industrial groups1', under Italian or foreign control, 
differing from the above category because of their size, it being 
above 50,000 employees. 
The empirical evidence, illustrated in Tables 7 and 8, supports in 
an unmistakable manner the hypothesis that the belonging to industrial 
groups positively influences adoption rates. 
Firstly, adoption rates are higher for all types of technological 
typologies, given equal plant size and if they belong to industrial 
groupings. The influence of the company make-up is particularly evident 
for the "smallt1 manufacturing units. The adoption rates in the plants 
belonging to industrial groups of this class is 3 times greater than 
that relative to the plants of independent companies. Furthermore, such 
relationship remains quite steady as system typology changes, with the 
shift contained within 3 and 3.2. 
Secondly, the gap between rates as a function of company make-up, 
generally decreases as the size class grows, even though the trend is 
less homogeneous for each technological typology. In particular, as far 
as FA systems are concerned in flexible plants, the relationship between 
the adoption rates in the two categories - groupings and independent 
companies - is high in the "large" plants, reaching a value of 2.2. 
T a b l e  7 - FLEXIBLE MANUFACTURING SYSTEMS I N  THE I T A L I A N  METALWORKING INDUSTRY 
ADOPTION RATES BY COMPANY TYPOLOGY AND BY PLANT S I Z E  CLASSES (a) 
Survey on 2927 Plants 
(a)  Forecast a t  31/12/1987 
(b )  Subdivided by t o t a l  number o f  employed 
Class o f  Plant  
Size 
From 10 t o  199 
From 200 t o  499 
500 and above 
Source: FLAUTO Data Base - MIP - Milan Polytechnic 
INDEPENDENT 
PLANTS 
(A) 
1.6 
9.7 
9.4 
INDUSTRIAL GROUPS (b) TOTAL 
(El  
1.8 
9.6 
19.8 
TOTAL 
(B) 
4.8 
9.5 
21 .O 
< 50.000 
(C) 
3.6 
6.6 
15.9 
RATIO 
BETWEEN RATES 
> 50.000 
(0) 
9.1 
15.0 
25.3 
(B/A) 
3.0 
1.0 
2.2 
(D/A) 
5.7 
1.5 
2.7 
T a b l e  8 - DESIGN / INTERFACE SYSTEMS I N  THE I T A L I A N  METALWORKING INDUSTRY 
ADOPTION RATES BY COMPANY TYPOLOGY AND BY PLANT S I Z E  CLASSES ( a )  
Survey on 2927 p lants 
(a)  Forecast a t  31/12/1987 
(b) Subdivided by t o t a l  number o f  employed 
Source: FLAUTO Data Base - MIP - Milan Polytechnic 
CLASS OF PLANT 
SIZE 
From 10 t o  199 
From 200 t o  499 
500 and above 
INDEPENDENT 
PLANTS 
(A) 
6.7 
18.1 
37.5 
TOTAL 
(El  
7.6 
25.8 
44.1 
INDUSTRIAL GROUPS (b)  RATIO 
BETWEEN RATES 
(B/A) 
3.2 
2.0 
1.2 
>50.000 
(Dl 
12.1 
42.5 
50.7 
TOTAL 
(0) 
21.4 
35.3 
45.7 
(D/A) 
1.8 
2.3 
1.4 
<50.000 
( C )  
24.1 
31.6 
39.7 
This value is certainly higher than the values found both for "medium 
size" plants (in which with a ratio equal to 1 the difference between 
the two categories disappears) and for design systems (ratio of 1.2). 
Lastly, the distinction carried out within industrial groups, as a 
function of absolute size, offers additional elements of appraisal. 
Generally speaking, differences between the adoption rates of indepen- 
dent companies and those of large groups are more evident as compared to 
the industrial grouping as a whole. In this case, the phenomenon is also 
particularly true for flexible manufacturing systems, while some 
exceptions are encountered for the other two system typologies. 
Overall, it appears evident that a technological explanation1' 
alone is not sufficient to justify the differentials in adoption rates 
between plants of different size. 
Holding good a hard core of constraints determined by the technologies 
directly connected to the scale of operations and, with it, to other 
production type characteristics, there are widely differentiated 
adoption trends. These seem to find in the "industrial group1' and 
everything it represents, an important determinant. It is not considered 
arbitrary to lead back the explanation to the larger availability of 
material and inanaterial resources of which company groupings have with 
respect to the smaller sized and independent companies. An essential 
role is certainly played by the availability of financial resources, 
with the possibility of facing the investment amounts and the risks 
connected to the adoption of the new technologies. This is particularly 
true for flexible manufacturing systems which, when compared to other 
two system types, require far greater investment thresholds. Coherently 
to what mentioned, the type of company make-up and to a greater extent 
the large groupings influences the adoption rates, even within the 
"large" plants. 
However, sizable gaps in the adoption of design/interface systems 
exist in which technical and economic investments of limited proportions 
are possible. This fact proposes the thesis that management dependent 
factors and the availability of knowhow and knowledge, available or not 
in the human resources, assume in the above systems a decisive and 
propelling role for the acquisition and development of new automation 
initiatives. 
Empirical results further confirm the complexity and the system- 
istic and cumulative characteristics of FA dependant technologies. In 
this reality, important factors determine the greater impetus given to 
innovation typical of the industria 1 groupings. Such factors include the 
enhanced mobi 1 ity of diversified i nterna 1 resources, both managerial and 
technical, the greater facility of acquiring feed-back from the 
technical progress not immediately incorporated in the capitalized goods 
and the avai labi 1 ity of "internal laboratories" for researching and 
developing innovative applications. 
4. The Flexible Automation Diffusion lbdel and Industrial Policy 
Intervent ions 
The strong growth of the number of FA systems installed in the last 
years in the Italian metalworking industry can not be interpreted as the 
result of a "canonic" diffusion process such that, being it a successful 
innovation with features and performances already consolidated, it can 
spread in the economic texture and substitute the no longer competitive 
old technology. The present FA diffusion phase is, instead, deeply 
marked by a simultaneous innovation process of its manifold products and 
by an open competition to set-up "winning solutions". A transition phase 
is in act, dominated by uncertainty and consistent disorders in the 
diffusion mechanisms. 
Uncertainty referred to production typologies and their prerog- 
atives in terms of efficiency and flexibility. Uncertainty referred to 
industrial standards and to system architecture and compatibility 
requirements for the future. Uncertainty on the depth of the innovations 
to the system and to the organizational-managerial resources to provide 
the required performance from the installed systems. 
All this influences the criteria of adoption, favours gradual ism 
and promotes models of search for "localized" innovative processes. 
Moreover, it exploits the role of learning throu h experience and the 
accumulation of knowledge as determinants for t e economic success of 
the adoption. 
--h  
In this picture of uncertainty and limited rationality, diffusion 
mechanisms remain deep1 y unsettled. The empirica 1 data i 1 lustrated in 
the previous paragraph confirm that the demand for and supply of systems 
have difficulty in finding a market balance, determining sizable 
phenomena of in-house generated solutions, dedicated and retrofitted. 
What's more, there is confirmation of the persistence of a noticeable 
unbalance in the adoption rates in favour of the large companies, of 
industrial groups and of the most industrialized areas of the country. 
All mentioned above presses for a series of reflections to 
determine measures and interventions of industrial policies capable of 
correcting the present diffusion "model" to stimulate the modernization 
of the industrial apparatus of the country. 
The first considerations concern the policy of incentives, in their 
various forms of delivery, such as, capital loans, credit faci 1 ities, 
etc.. The removal of financial barriers still remains a key point to 
favour the diffusion of new technologies in the weaker areas (Southern 
Italy and small-medium companies). The policies developed to the purpose 
in the past years have significantly contributed to the renewal of the 
company-based equipment and is desirable that this role becomes 
consolidated in the future. 
A recommendation is made to ensure greater selectivity in the bestowal 
of grants, which should mainly be directed to investments having high 
innovation contents, such as those present in FA systems. A positive 
evolution in this sense must be noticed by the recently launched 
Government Decree (Law No 212 of June 1987) which make explicit 
reference to investments in production "systemsv1 and contemplate forms 
of incentivation for software products. 
A second consideration interests the standardization and 
normalization issue for flexible automation systems, subsystems and 
hardware and software components. The issue takes on great value for the 
whole European industry, which has accumulated, with respect to Japan 
and the United States such a delay to place it in a strategically 
subordinated position. It is essential that at European institutional 
level and in agreement with and with the contribution of tbe 
manufacturers of FA systems of the various countries, an action program 
becomes rapidly defined. 'This program must consider the definition and 
diffusion of "open1' standards (in adherence with what achieved for the 
Open System Interconnection), high1 ighting modularity and retrofitting 
and coherent with the most advanced standards of the American and 
Japanese markets. All this is to forestall the isolation and 
marginalization of the European industry and to favour, on the other 
hand, the link-up to winning standards and the possibility of 
participating to their definition. 
An efficient standards policy is, for smaller companies, an 
essential assumption to progress towards automation in line with their 
economic possibilities, being these based on graduality of investments 
and on the reduction of capital investments and connected risks. 
Standardization and normalization are conductive to the creation of a 
"certain" reference situation. On such basis, investments on equipment, 
conceived as modules of a system and intermediate forms that can be 
integrated into future and more complex architectures,through physical, 
logical and functional interfaces, can be planned. This approach reduces 
both costs and adaptation times and minimizes the depreciation of 
physical investment and of acquired knowhow. 
The last series of considerations is connected to the reading of 
the results transpired from the survey, empirical but not wholly 
contemplative, and it goes beyond the discovery of the existence of 
asymmetries in adoption processes. In particular, the "industrial group" 
can be considered as an environment, in which individual manufacturing 
units operate and receive from it innovative stimuli and supports, in 
terms of material and immaterial resources. From the greater efficiency 
of its endogenous mechanisms, with respect to the market (that is, with 
respect to the environment in which the single and independent 
manufacturing units operate), it can be derived that industrial 
policymaking has wide margins to favour the diffusion of new 
technologies within the system of the small and medium companies. This 
consist in the correction of market "imperfections" by reproducing on a 
widened scale the economies, the services and the cognitive supports 
available within the group. 
Difficulties, connected to the "exogenous" and diffused generation 
of such factors, can not be underestimated. On the one hand, they refer 
to knowhow, to scientific and managerial knowledge of a ro rietar 
nature. This is the result of exclusive activities subjected w to earning 
mechanisms derived from experience, which are not easily reproduced 
outside of the environment that generated them. On the other hand, one 
must influence and interact with rather complicated economic, social and 
institutional subsystems to the purpose of: 
i)organizing the supply of information and knowledge on the 
technologica 1 progress generated by the international scientific and 
industrial community to make it transparent to the potential users; 
i i )  facing the problem of training human resources to different levels 
and roles. This is to overcome hiring difficulties and unavailability of 
personnel that companies are experiencing in the present transitional 
phase. The goal is to go towards forms of enhanced professionality with 
higher technology contents and more in compl iance with innovation and 
permanent training; 
i i i  activating services capable of supporting the "process" of intro- 
duction, development and management of system innovations by favouring 
the diffusion of experiences gathered in more advanced environments. 
Such tasks go beyond the mere dimension of flexible automation, but 
are connected to more general policies to support that industrial 
development necessary to an advanced economy. 
NOTES 
(1) Perez (1983 and 19851, making reference to the theory of 
Kondratiev's long cycles, points out how each cycle has at its base 
a metaparadigm that draws advantage from the introduction of 
particular inputs of lesser cost with respect to the past: cotton 
in the first Kondratiev cycle, coal in the second, steel in the 
third, petrol in the fourth and, precisely, the chip in the present 
one. 
(2) Specifically, data to which the present article refers were 
presented at the BIAS Seminar "Automazione - Una scelta per lo 
sviluppo" (Automation - A Choice for Development). See Mariotti 
(1987). 
(3) See, among others, studies of Thompson and Paris (1982), Skinner 
(1983), Jelinek and Goldhar (19841, Voss (1985). 
(4) Please refer again to Colombo and Mariotti (1985) and to Cainarca, 
Colombo and Mariotti (1 987a). 
(5) For further details on the technical problems connected to the 
adoption of FA systems by smaller industries, see Turco (1985) 
(6) Credit is given to UCIMU - Milan Polytechnic (1987) for having 
tackled this issue with full sense of responsibility. 
(7) The FLAUTO database was originally developed for a research program 
funded by "Progetto Finalizzato Tecnologie Meccaniche" of CNR. 
(8) Literature most frequently considers the case of integrated 
aerospace manufacturing activities by making reference to the 
flexible system installed by MBB, consisting of 25 machines. It is 
just to remind that the German company, in addition to having a 
size one order of magnitude greater than the Italian one, also has 
much larger production lots. The different manufacturing conditions 
active within the Gerrian company are also supported by the 
utilization, previous to the installation of the mentioned system, 
of "dedicated" automatic lines specific for products and 
components. 
(9) For further information, see UCIMU - Milan Polytechnic (1987). 
(10) The analysis is drawn from a previous study. See Cainarca, Colombo 
and Mariotti (1987b). 
APPENDIX 
The present paper uti 1 izes the following definitions whenever the alloca- 
tion of a system to a typological class is established on the basis of the 
presence of the minimum requirements, be these of structural (typology and 
number of machines and equipment) or of functional (operations carried out) 
nature. 
i) Flexible Manufacturing Systems 
Said systems consist of at least two machines interconnected by means 
of automatic transport mechanisms and together of various forms of numeric 
control equipment. The type of the NC equipment adopted and the "quality" 
of the coordination between the various equipment making up the functional 
whole, defines the level of system flexibility. Such levels may be 
identified as: (a) flexible NC systems, (b) flexible DNC systems and (c) 
flexible DNC systems. 
- Simple NC flexible systems: the system includes at least one NC 
machine, but there is no coordination among the various machines 
present. In other terms, the system does not include computers or 
microprocessors, or, if included, they exclusively oversee to the 
operation of the machine upon which they are mounted. It follows thus, 
that system 'lintel 1 igence" is 1 imited. Furthermore, reconf iguration 
attempts would involve updating system hardware elements. 
- CNC flexible systems: the numeric controlled machinery is micro- 
processor driven to realize automatic system coordination. 
Reconfiguration, to the purpose of updating operative characteristics, 
is possible by acting on system software components, though with 
1 imited applicability. 
- DNC flexible systems: characterized by a hierarchical computer 
structure, meaning that a centralized computer controls the activities 
of several NC machines. Reconfiguration is only possible by 
interventions on software components. Generally , the functional ities 
made available by such actions are considerably greater than those 
present in the previous configuration. 
For the sake of completeness, it is worth stressing that the degree of 
system complexity is evaluated in terms of computer-driven 
coordination/control and of reconfigurability typologies, rather than in 
terms of the number of machines, as proposed in the past, by distinguishing 
between FMS and cell. This does not imply that the systematically acquired 
size of the system is not taken into due consideration, but to emphasize 
the necessity of differentiating on the basis of those structural elements 
that condition the effective capability of the system of providing flexible 
control to the manufacturing process. 
ii) Design and Design / Manufacturing Interface Flexible Systems 
- CAD Systems: computer aided systems, the functions of which span from 
simple drafting, to the more complex design tasks. 
- CAM Systems: computer aided systems finalized to the generation of 
part-programs utilized by NC machines and, if required, to carry out 
more complex control functions within the manufacturing process. 
- CAD/CAM Systems: computer aided systems that by utilizing a central 
data base realize the integration of the functions separately carried 
out by CAD and CAM systems. 
The above definitions require some further considerations. The belonging to 
one of the classes of systems is determined by the presence of minimum 
requirements: 
- for CAD systems, it is the possibility of being employed as simple 
electronic drawing boards, capable of realizing bidimensional mechanical 
drawings, 
- for CAM systems, the lowest threshold is represented by the capability of 
automatically generating part-programs. Within the above scope, CAM 
technology is the most consolidated of the computer aided solutions, 
basically because it was the first to be introduced and practically towed 
by the growing diffusion of NC machines, around the sixties. This is 
considered an important aspect, both to understand what explained in this 
paper and for possible comparisons with other studies in which, usually, 
the term CAM is associated with this meaning to systems of greater 
functional complexity. In practice, such behaviour often leads to 
conceptual-determinative ambiguities, that thwart or complicate the 
evaluation of data gathered on system diffusion. Also in this case, a 
definition based on a minimum threshold of available functions has been 
privileged, the identification of which does not appear subjected to 
misunderstandings or inconsistent evaluations on the part of the 
interviewer or the interviewed. 
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0. INTRODUCTION 
The effects of computer integrated manufacturing automation on 
economic growth and employment have been discussed very con- 
troversially in the last few years without having led to any final 
conclusion. 
On the one hand there are hopes for the start of a new "long wave" 
of economic growth, for a revival of growth rates, which have 
been low since the mid-seventies, on the other hand there are 
fears of an aggravation of the problem of unemployment, which 
has been rising throughout the OECD-Countries even during the 
last cyclical upswing. 
In this controversy often very short-cut conclusions on the 
macroeconomic effects of Information Technology (IT)' are drawn 
from observations on the micro level. This normally leads to an 
overestimation of either the growth of labor productivity when 
looking at the replacement following the installation of e.g. in- 
dustrial robots or to the overestimation of the potential growth 
of the economy as a whole when looking at the speed of expansion 
of the most advanced firms using IT in the production process2. 
Ifor a definition see FreemanlSoete 1985, pp 33 
2for this misconception see BMWF 1985 
To avoid such misjudgments and to reach a more adequate view of 
the effects of IT we need a (better) microfoundation of 
macroeconomic judgements on that topic. 
In the following I would like to present some hypotheses of the 
effects of IT on accumulation, consumption, market situa- 
tionlconcentration and employment proceeding from some recent 
studies (UNIECE 1986, LUTZ et a1 1987, CAMAGNI 1988, 
TRIBOTECHNIK 1988) concerning diffusion and micro-level ef- 
fects. 
I. 'The Diffusion of CIM - Technologies 
Obviously computer-guided means of labor in manufacturing are 
just in the take-off phase of their diffusion. Until now the spread 
of IT took place primarily in the offices (see LUTZ 1987, Figure 1) 
In manufacturing more complex types of production automation 
like FMS or CIM are rare and are partly reaching (temporary) sat- 
uration levels as in the case of first generation FMS (see AYRES 
1987, 42; RANTA 1988, 33f, 44, 48; according to 
PROHASKAJWERDERITS 1988 the number of newly installed FMS is 
decreasing recently, see Figure 2). These were most of all 
"dedicated FMS", designed for the production of a rather small 
variety of parts - most of them employed in the car industry, 
which has now finished the "first-round" of IT-manufacturing 
automation. 
Also, until now only a few linkages between the established 
"islands of automation" within the factories have been realizedl. 
(LUTZ et a1 1987, Figure 3). Hitherto the spread of the components 
of CIM-technology has been concentrated in a few branches (cars, 
electronics, metal working) on a few activities (handling and 
working of prismaticlrotational parts for (C)NC and FMS; welding 
and painting for industrial robots [see UNIECE 1986, pp 45; 
TRIBOTECHNIK 1988, pp191) and on large plants (see LUTZ et a1 
1987, Figure 4). 
CAMAGNI has shown that the productivity-flexibility trade off 
still exists (see Table 1) and that from the possible paths of CIM 
1 According to PROHASKANERDERITS (1988, 115) the concept of the "factory of 
the future" today can bee seen only in specific fields of big industry, if anywhere. 
diffusion only one is realized to a greater extent: the flexibiliza- 
tion of mass production (see Figure 5). 
Because of that slow and constrained diffusion the macroeco- 
nomic effects don't seem to be very large today. They might be- 
come important in the future with increasing integration, i.e. 
with "systemic rationalization". Only then IT will realize its full 
potential of productivity. RANTA supposes that only "around 2005 
- 2010 the strategic part and the main share of the production of 
manufacturing industries is produced by FMS- or FMS-type sys- 
tems." (see RANTA 1988, 55; Table 2) 
w 
RELATIONSHIP BETWEEN DEGREE OF AUTOMATION AND FLEXIBILITY REQUIREMENT 
- SIX COMPANIES IN JAPAN 
Number of Average Number of 
product kinds batch size machines 
FMS with high degree per worker 
of automation and low 
degree of flexibility 
Company A 
Company B 
Company C 
FMS with low degree 
of automation and high 
degree of flexibility 
Company D 
Company E 
Company F 
Source: UN/ECE 1986, p 60 
Table 2; 
DIFFUSION OF FMS - AN INDIRECT ESTIMATION' 
1985 1990 2000 
CNC: % of all machine tool 
investments (new + replacements) 40 50 70 
CNC implemented as a part of 
systems, % of all CNC investments 50 70 80 
'for western industrialized countries 
Source: RANTA, J. 1988, p 55 
II. AIMS OF INTRODUCING CIM - TECHNOLOGIES 
Flexibilization of the production apparatus and economization of 
the fixed capital1 are priority aims of the production automation 
and the introduction of IT. Both have been rendered feasible on an 
overall state only with the "material properties" of IT*. By flexi- 
bilization I mean the capability to respond to alterations in the 
structure and the volume of demand promptly and at low cost, in 
particular the possibility to work a great variety of different 
parts with the same machinery (for the various definitions of 
"technological flexibility" see BOYERICORIAT 1986, 23ff; 
CAMAGNI 1988, 98f; RANTA 1988, 10f). 
These objectives could be achieved by: 
increased transparency of the whole enterprise, thus enabling a 
better supervision of the flow of production 
better utilization of capital by reducing the lead- and transport 
time and by extending the number of shifts. This is made feasible 
by uncoupling labor and machine-running time both spatially and 
temporally. 
~TRIBOTECHNIK (1988, 31) mentions an VDMA-survey on the introduction of 17 
FMS in Sweden, Switzerland, France, Great Britain and the FRG. As priority aims the 
enterprises quoted: 
Increase in flexibility 7 6 %  
Reduction of total working time 5 9 %  
Cost reduction 2 4 %  
However, in only a few cases, the necessity to work a broader spectrum of parts was 
felt strongly. This points at the fact that is wasn't primarily an increase in the speed 
of change of the structure of demand that caused the introduction of IT. 
CAMAGNI (1 988, 106n) reports a discrepancy, found in his study on Flexible 
Automation in the Lombardy: labor cost reduction and increase of labor productivity 
have been the main aims ex ante. Ex post, the "new aims" achievable with IT took the 
lead: 
ex ante ex post 
lncrease of 
labor productivity 7 5 %  45% 
lncrease of flexibilty 8 
improvement of quality control 2 1 % 4 5 - 5 0 %  
2Thus one can speak of a new type of technical progress or a new "technological 
paradigm". 
improved capabilities of design by IT (e.g. by simulating pro- 
duction processes) allow the construction of products that are 
easy to assemble. Thereby a potential for productivity improve- 
ment is created, which is perhaps more important than a further 
automation of the production.1 
Computer-aided quality control and higher precision of work 
enables a decrease of garbage output. 
To sum up: Diffusion of more complex forms of production 
automation is still modest, but is increasing rapidly. In those 
companies which are already employing IT in the production pro- 
cess on a large scale good results can be noticed . 
'as the example of Northern Telecom clearly shows: by redesign of the product 
(Telephons) a reduction of parts from 325 to 156 was achieved and assembly time 
was reduced from 23 to 11 minutes. The following automatization reduced it further 
to 9 minutes. This means an improvement of more than 50% in the first step, and of 
"only" 15% by further automation (see WARNER 1988, p 22). 
Ill. MICROECONOMIC EFFECTS OF CIM - TECHNOLOGIES 
Several surveys (e.g. TRIBOTECHNIK 1988, LUTZ et al 1987, RANTA 
et al 1988) prove that the aims of the enterprises implementing 
IT have been achieved of even surpassed. (see Figure 6 and 7). 
In particular, the enterprises report: 
an increase in labor productivity together with a sharp decrease 
in the share of direct labor costs and a further growth of capital 
intensity (Table 3). 
a reduction of the consumption of preliminary products and raw 
mater ials 
a reduction of the number of machines and thus a reduction also 
of the floor space required (Table 4) 
higher fixed costs owing to the increasing share of "labor in ad- 
vance", e.g. in the form of increasing R & D expenditures and 
software costs (RANTA 1988, 15pp). 
also in the IT (not tantamount to Flexible Automation!) 
economies of scale remain relevant: ERNST (1987) shows that 
there are strong economies of scale, e.g. in the semiconductor 
industry, where the aim is to reach an almost continuous flow of 
production. Suppliers who can best realize the economies of scale 
have a capital-output-ratio far lower (thanks to better 
utilization rates, which are achievable by lower prices and 
therefore reduced costs) 
a shortening of the product life cycle and thus of the pay-back 
period (LINIECE 1986, 126). This holds true also when the techni- 
cal progress is so fast that the production apparatus (although 
flexible) is devaluated economically and must therefore be re- 
newed earlier. This implies a shift in the proportion of the 
construction phase to the market phase in the latter's disfavor 
(both shorteniqg at the same time)l . 
possibly a reduction of the (marginally potential) capital output 
ratio2 (see WELZM~~LLER 1981, FREEMANISOETE 1985, 
GERSTENBERGER 1986, POLT 1987, GOLDBERG 1988, FLEISSNER 
'The IFO-Institute (IFO-Schnelldienst 1/87 + 2/87) found a shortening of the ges- 
tation period of new products for 36 % of the innovating enterprises. It is now less 
than 3 years for 60 % of the enterprises. For 45% of the them also the market phase 
was cut. 
20ne can distinguish between a type of technical progress that is saving fixed capital 
and one that is saving semi-finished goods, energy, and raw materials. 
1988; see Table 10 and 11 as well as Figure 8). The extreme vari- 
ants of possible developments are the following: on the one hand a 
drastic reduction of the necessary investment outlays (should the 
capacity be only maintained), on the other hand a rise of the ini- 
tial capital requirement together with a strong capacity exten- 
sion. These "ideal types" have been found by RANTA and others by 
observing the diffusion of FMS in Finland (see Table 8). Reality 
should lie somewhere in between: an increase in the capacity 
should be accompanied by an under-proportional increase in the 
initial capital requirement (see e.g. Table 1). 
Table 3: 
COMPARISON OF COST STRUCTURES 
Type of equipment C O l l O L  Lp Lu 
total 
FMS 33.1 13.9 28.3 24.7 10.7  1 4  
transfer line 29.8 23.7 26.8 19.7 13.3 6.4 
stand alone 
machine tools 17.8 13.5 2 5  43.7 27.7 1 6  
C = capital costs 
Ov = overheads in manufacturing 
0 = other costs 
L = labor costs, u = unproductive, p = productive 
Source: Wildemann H., from: Wirtschaftswoche Nr. 15, 8.4.1988, pp. 110 
Table 4: 
ECONOMIC PARAMETERS OF AN FMS 
shop floor (in m2) 
number of machines 
number of employees 
wage costs per year 
(in mio $) 
lead time (days) 
circulating material (mi0 $) 
Investment (mi0 $) 
Conventional 
manufacturing 
Flexible manu- 
facturing system 
Source: FLEISSNER 1987, p 101 
Table 5: 
SEMI-CONDUCTOR INDUSTRIES: A COMPARISON B W E E N  THE USA AND JAPAN 
Capacity Unit manu- Plant Average number 
utilization facturing costs' size" products per line 
("/') 
Large japa- 
nese firms 5 0 17.52 5 0 0 0  1 - 2  
Large US-firms 3 0  24.76 2 5 0 0  1 0 - 2 0  
small US- 
"Start-ups' 1 0  49.32 1 0 0 0  1 0 0 - 2 0 0  
'$/sq.inch silicon 
"Wafer Startstweek 
Source: VLSl Research Letter, San JosetCal., Feb 1986, p.6, quoted. in: D. ERNST 
( 1  9 8 7 )  
Table 6: 
SEMI-CONDUCTOR INDUSTRIES: CAPITAL PRODUCTIVITIES 
Capital expenditures Incremental silicon CapitaltOutput 
1984 (mio $) (I) starts 1983-84' (11) ratio (=l t l l )g* 
japanese 
f i rms 31 91.5 290.6 10.98 
US-firms 5395.7 147.8 36.51 
'as Indicator for capacity, in mio. sq.inches silicon 
"$/sq.inch silicon 
Source: VLSl Research Letter. San JosetCal., Dec. 1985, p.3, quoted in: D. ERNST 
( 1  9 8 7 )  
m 
SEMI-CONDUCTOR INDUSTRIES: CAPACITY UTILIZATION 
Production Silicon starts Capacity utilization 
capacity 1984 (1) 1984. (11) ( = l l / l )  
japanese 
f i rms 1253.9 660.3 52.66 
US-firms 2490.8 637.3 25.59 
Rest of the world 
(excl. RGW) 1499.2 207.4 13.83 
Total 5243.9 1 5 0 5  28.70 
mio. sq.inches silicon 
Source: VLSl Research Letter, San JoseICal., Dec. 1985, p.3, quoted in: D. ERNST 
( 1  9 8 7 )  
DmL.& 
ECONOMIC IMPACT OF ADVANCED PRODUCTION AUTOMATION 
Case 1 : Constant production capacity 
Conventional NC functional FMS 
Number of 
machines N N / 3 N / 9  
Production 
capacity C C C 
Price P 2/3P + 1/3P + 
ext.design ext. design 
Case 2: Constant number of production units 
Conventional NC functional FMS 
Number of 
machines N N N 
Production 
capacity C 3C ( 9 - 1  5 ) C  
Price P 2P + 3P + 
ext. design ext. design 
Source: RANTA, KOSKINEN, OLLUS (1987), p 31 
IV. MACROECONOMIC EFFECTS OF CIM - 'TECHNOLOGIES 
IV. 1. Effects on capital accumulation 
Some of the indicators described above point at a reduction of the 
demand for preliminary materials and the investment per addi- 
tional unit of output. So, e.g., the possibility of a faster adapta- 
tion of the production program to alterations of the structure of 
demand could result in a long-term reduction of the investment. 
One need not exchange specialized production equipments for each 
other and it is possible to shift to new variants of products with- 
out (substantial) new investments (see Table 9). 
- 
RE-USABLE PARTS OF EQUIPMENT' AFTER A CHANGE OF PRODUCTION PROGRAM (in 
the automobile industry) 
Transfer lines 
Flexible manufacturing systems 
Flexible assembly systems 
Industrial robots 
'Value of equipment as part of the total instalment costs 
Source: Wildemann H., from: Wirtschaftswoche Nr. 15, 8.4.1988, p106 
That way the investment is increasingly uncoupled from alter- 
ations of the structure of demand, at the same time, however, 
more strongly tied to the overall level of demand, owing to the 
increasing weight of fixed costs. This should result in a lower 
accelerator. The reduction of inventories has the same effects: 
The demand for inputs of preliminary goodslproducts such as raw 
and auxiliary materials and energy is being diminishedl. 
The effects of the reduced necessity of large investments depend 
on the particular situation of the economy. If, e.g., the actual 
stagnation period is caused predominantly by "capital shortage" 
[to be understood either as a stock of capital too small to meet 
the supply of labor, or as a sum of profits too small to maintain 
accumulation (views held by FREEMANISOETE 1985)], the effects 
will be positive. The stock of capital could now be enlarged even 
Until now, however, Flexible Automation has not led to an acceleration of the 
ongoing reduction of inventories. This should not be reached until better integration 
is achieved. 
with a smaller investment sum, the profit rate in the production 
will rise and be the base for an expansion of investments. 
If, on the contrary, the slow growth is caused by chronic over- 
accumulation and restricted demand and, additionally, expansion- 
ary exogenous forces necessary for a boom are lacking, the stag- 
nant tendency will be aggravated. 'This is because at the lower 
turning-point the components of aggregate demand, which regu- 
larly lead to a recovery are weakened: the investment demand and 
the demand for preliminary products. In such a blockaded upswing, 
with overcapacities persisting and the enterprises nevertheless 
gaining stable profits thanks to "administered prices" as well as 
to their strengthened position in class struggle, the structure of 
investment will turn to rationalization (and, possibly, to finan- 
cial assets) instead of investment in expansion. Even if the con- 
nections described above need not necessarily entail an absolute 
decrease of investments, it holds true that a weaker dynamic than 
those of previous cycles develops (see Figure 9). 
So far, the capital saving type of technical progress has not been 
able to be traced out, owing, on the one hand, to deficiencies in 
measuring the stock of capital on the other hand simply to the 
fact that diffusion of the IT in the production in only in its infan- 
cy. However, a hierarchy of industries with respect to level and 
development of the capital-output-ratio can be already noticed, 
with the fastest growing branches (EDP, computers, chemical in- 
dustry) showing capital-output ratios rising only slightly or even 
falling (GOLDBERG 1988, pp 151; SOETE 1986, see also 
FREEMANJSOETE 1985, Figure 8). As these spheres are input fac- 
tors essential for the other trades, the whole economy is in- 
creasingly pervaded by a falling capital-output ratio in these 
branches. For example, the "EDP-rate" (the share of the invest- 
ments in EDP in the total investments) has risen quickly during 
the past few years (and now amounts to 118 of total investment 
in machinery in the FRG). 
Various industrial sectors in the Federal Republic of Germany 
show improvements of best practice capital productivity in re- 
cent years. In electronic data processing the capital output ratio, 
which has been declining in the eighties for 3% per year continues 
to decline even faster. From 1984 to 1986 it averaged a 9% per 
years reduction. In the electronic industry, capital productivity is 
also rising since 1984. Other sectors such as mechanical engi- 
neering or the automobile industry recently experienced a stag- 
nation in the capital output ratio (GOLDBERG 1988, p 151 ff) 
Table 10; 
CAPITAL OUTPUT RATIOS IN THE F.R.G 
Effective COR 
All Enterprises* 
absolute average change 
per year 
1 9 5 0  2.5 
1 9 6 0  1 .8 - 3 . 1  
1 9 7 0  2 1.2 
1 9 8 0  2.4 12.5 1.5 
1 9 8 6  2.7 1.3 
Potential COR 
Industry"  
average change 
per year 
'capital stock/value added, all enterprises (without housing) in prices of 1976, for 
1980 and 86 in prices of 1980 
"gross fixed capitallpotential output 
Source: GOLDBERG. J. 1988, p 149150 
Table 11; 
DEVELOPMENT OF THE PRICES OF CAPITAL GOODS 
Total I M 6q E"Q CPI 
I = Investment goods 
M = Machinery 
Eq = Electric equipment 
EDPq = Electronic data processing equipment 
CPI = Consumer price index 
'Changes in the price index (%) 
Source: GOLDBERG, J. 1988, p 162 
However, technical progress not only tends to weaken investment 
demand, but on the other hand can have also stabilizing effects: 
Caused by initial capital requirements, the fast speed of techni- 
cal progress and cost-cut competition investment in manufac- 
turing has been rather stable despite temporary decreasing in- 
dustrial output in recent years. A reduced speed of the technical 
progress or the gaining of oligopolistic positions on the new mar- 
kets, however, would weaken this effect. Hence, the 
macroeconomic effect of this novel type of technical progress 
will vary according to the macroeconomic constellation and the 
"mechanism of regulation". If the productivity gains of the new 
technologies were (re)distributed to add to consumption (of indi- 
viduals by cutting back their working hours and/or by raising 
their wages, or of the state, which could, in turn, improve the 
infrastructures of transports and environment protection), a 
higher growth could be realized. The speed of diffusion of the new 
technologies and their effects depend not so much on the techno- 
logical possibilities themselves, but rather on the social back- 
ground, such as the distribution of income, working time, con- 
sumption patterns etc (cf. the approach of the french "regulation 
school": BOYER/CORIAT 1986, BOYER 1988) 
IV.2. NEW TECHNOLGIES, PRODUCT INIUOVATION AND 
CONSLIMPTION 
One has to put the question now: Can this relative weakness of in- 
vestment demand be compensated by an increase in private con- 
sumption arising from product innovations which is another im- 
portant feature of technical progress? 
There are, no doubt, signs that the enterprises strengthen their 
efforts to innovate their products1 (ELIASSON 1987, IF0  1987), 
but, at the same time, there are also indications that it is more 
difficult now to dispose of product innovations, and that they do 
not automatically lead to a considerable increase of the demand 
(see esp. ZlNN 1986 and IF0  1987): 
According to an IF0  survey (IFO-Schnelldienst 1/87, 2/87 quoted 
in KOWALSKI 1988, 46) in the FRG the motive of introducing new 
techniques in order to "introduce new products" has increased 
much less since the 60s than the motive "introduction of new 
production processes". In the mid-80s 20 O/O of the enterprises 
mentioned as their priority aim the introduction of new tech- 
niques for product innovation (as against 10 % at the end of the 
'According to ELISASSON 1987 marketing investments reach 113 of total investment 
costs in large Swedish enterprises (1978) - but this is only an indicator for the ef- 
forts of the enterprises and say noting about the success of these efforts. 
60s), whereas 60 % of the enterprises aimed at process innova- 
tion (as against 20 % at the end of the 60s). A VDMA paper draws 
the same conclusions (quoted in TRIBOTECHNIK1988, 31): Up to 
now, changing the range of parts to be worked has not been the 
most essential motive to introduce new technologies into the 
production. 
At present, another indicator of the subordinate role of produc- 
tion innovation is the structural shift of investment from capital 
widening (which should be connected rather - but certainly not 
strictly - with product innovation) to rationalization (which 
should run parallel rather to process innovation). It is true that 
the share in the sales figures of products settled in the intro- 
duction or growth phase of the product life cycle could be raised, 
but two thirds of the turnover are still products in the stagnation 
or senescence phasel. 
Even a successful product innovation, however, does not neces- 
sarily give rise to a sweeping upswing in consumption: 
Also new products are subject to the "Keynes-Gossen-law" 
(diminishing marginal utility - diminishing propensity to consume 
- monetary wealth formation1 see ZlNN 1986) all the more as the 
"old" products have reached saturation levels. The pressure from 
the supply side plays a role as well: In a situation of chronic 
over-accumulation the enterprises are pushing into new markets. 
Consequently, also new spheres of growth will have overproduc- 
tion before long. This is evidenced also by periodic temporary 
overproduction crisis also in the new fields of growth ("computer 
crisis" in the early eighties, ebbing waves of growth in biotech- 
nology) 
The effects of product innovation are not so plain as is often 
claimed. A new product which can be consumed only after quite a 
long period of saving will even provoke first an increase of the 
propensity to save and a decrease of the propensity to consume. 
' IF0 (Schnelldienst 1/87, 2/87) found about 30% of turn over of industrial prod- 
ucts in the market introduction or in the growth phase in 1982 and 38 % in 1985. 
But still abuot 50% of the sales are made with products in the stagnation phase and 
10% show decreasing volumes of sales. 
Product innovation by itself does not suffice to expand con- 
sumption strongly if existing goods are merely substituted (e.g. 
TV by High definition TV) and if the saving in costs is not or in- 
sufficiently passed on to the consumer. 
Success and the impact of product innovations depend on the 
macroeconomic constellation: In a stagnant phases with restrict- 
ed private consumption product innovations are more risky. This 
may lead to a sub-optimal rate of innovation and to a focus on 
cutting costs. 
Necessitated by the increasing share of fixed costs, due to the 
introduction of CIM, the enterprises try to achieve high utiliza- 
tion rates and thus depend on a stable and high level of demand. So 
i f  the introduction of new products (and processes) needs a 
certain market volume1 because of the increasing amount of fixed 
costs, product innovations may be hindered. There are historical 
examples which show that the success of product innovations de- 
pends strongly on the level of demand. The automobile, for exam- 
ple, (and thus the methods of mass production connected with it) 
was not able to prevail in Europe (in contrast to the U.S.) between 
the two world wars mainly because of the low level of income 
(see BOYER/CORIAT 1986, GOLDBERG 1988). 
IV. 3. Effects on Employment 
It can be expected that the impact of IT described above, which 
rather encourages stagnation, not only won't solve the problem of 
unemployment, but, quite on the contrary, will aggravate it. 
Until its wide-spread diffusion, however, this negative effect 
won't be too sever. Its most essential effect in future may be the 
weakening of the VERDOORN-law (see BOYER/CORIAT 1986, 47). 
Then a decrease in growth rates need not necessarily be accompa- 
nied by a (proportional) decrease in the growth of productivity. 
This would certainly affect employment, resulting in "jobless 
growth". 
Siemens estimates a future share in world market of 15OlO for picture transmission 
equipment necessary to cover costs (ARBEITSGRUPPE 1988, 104). 
It is a fact that the most advanced branches in the use of IT 
themselves have the highest rates of growth in capital and labor 
productivity. Therefore they only have a underproportional demand 
for labor and for capital goods, even when production is growing 
quickly (GOLDBERG 1988 Table 10). CAMAGNI (1 988, 109) states 
in his survey on the diffusion and the effects of Flexible 
Automation in the Lombardy (in this respect perhaps the most ad- 
vanced region in Italy) that, owing to the increase of productivity, 
15 - 20% of the jobs were lost in the first four years of im- 
plementation. These losses are not fully compensated for by the 
increase of employment due to better market positions in the 
following years (which amounts to 7-11%). Moreover, these gains 
are achieved in the disfavor of other companies and diminish em- 
ployment there. 
V. Conclusions 
If the technical progress really has those characteristics de- 
scribed above, it follows that, at given political-economic cir- 
cumstances (characterized by constrained demand), it will have 
effects rather encouraging stagnation. A weakening of the accel- 
erator would tie investment more strongly up to consumption; in- 
creasing fixed costs would make the companies more dependent 
on a high and steady demand (and, besides, would encourage con- 
centration). A future weakening of the VERDOORN-law due to the 
spread of IT, with falling growth rates in production and compar- 
atively stable growth rates in productivity (in manufacturing), 
would affect employment adversely. 
Therefore, for an adequate macroeconomic policy as regards the 
new technologies it is indispensable to support not only the dif- 
fusion of IT but also the demand (both private and public). Without 
support of the demand not only it is impossible to utilize fully IT 
in order to add to the wealth, but, on the contrary, economic dif- 
ficulties will continue. 
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The I m p a c t s  o f  R o b o t i z a t i o n  on  Macro and S e c t o r a l  Economies  
w i t h i n  a  W o r l d  E c o n o m e t r i c  Model 
by  
S o s h i c h i  K i n o s h i t a  and M i t s u o  Yamada 
1. l  n t r o d u c t i o n  
I n  t h e  p a s t  decade,  e s p e c i a l l y  s i n c e  t h e  e a r l y  BOs, Japan  h a s  s e e n  a  
s t r o n g  t r e n d  t o w a r d  r o b o t i z a t i o n  - w i t h  t h e  i n t r o d u c t i o n  o f  i n d u s t r i a l  
r o b o t s  i n  t h e  m a n u f a c t u r i n g  p r o e s s e s .  A  number o f  s t u d i e s  on  t h e  
i m p a c t s  o f  r o b o t i z a t i o n  h a v e  been c o n d u c t e d  based on  m o d e l i n g  and non-  
model i n g  a p p r o a c h e s .  A  s t u d y  by W .  L e o n t i e f  and F .  D u c h i n  i s  a  r e c e n t  
one based  on model  i n g  approach . "  T h i s  p a p e r  a d d r e s s e s  t h e  same b a s i c  
i s s u e s  a s  t h e s e  s t u d i e s  and a n a l y s e s  g l o b a l l y  t h e  p r o b a b l e  i m p a c t s  o f  
r o b o t i z a t i o n  on  t h e  macro  and s e c t o r a l  economies  w i t h i n  a  w o r l d  model o f  
i  n d u s t r y  and t r a d e .  
The g l o b a l  model  we u s e  i n  t h i s  s t u d y  makes i t  p o s s i b l e  t o  e v a l u a t e  
two i m p o r t a n t  i m p a c t s :  
( 1 )  The d o m e s t i c  i m p a c t s  t h r o u g h  t h e  i n t e r i n d u s t r y  r e l a t i o n s h i p s  i n  
t h e  dynamic  i n p u t - o u t p u t  model ,  and 
( 2 )  The i n t e r n a t i o n a l  i m p a c t s  t h r o u g h  t h e  t r a d e  r e l a t i o n s h i p s  among 
t r a d e  p a r t n e r s  s p e c i f i e d  i n  t h e  t r a d e  l i n k a g e  model .  
T h i s  p a p e r  i s  o r g a n i z e d  a s  f o l l o w s .  S e c t i o n  2 i s  c o n c e r n e d  w i t h  t h e  
ma in  s t r u c t u r e  o f  t h e  g l o b a l  model .  I n  s e c t i o n  3, we e x p l a i n  t h e  s p e -  
c i f i c a t i o n  and some e s t i m a t e s  o f  t h e  i n t e r n a t i o n a l  i n t e r d e p e n d e n c e  
t h r o u g h  commod i ty  t r a d e .  S e c t i o n  4 summar izes  t h e  d i f u s s i o n  p r o c e s s  o f  
t h e  i m p a c t s  o f  r o b o t i z a t i o n .  S e c t i o n  5 i s  c o n c e r n e d  w i  t h  t h e  assump- 
t i o n s  used i n  t h e  s i m u l a t i o n  e x p e r i m e n t s .  S e c t i o n  6 p r o v i d e s  some s i m u -  
l a t i o n  e x p e r i m e n t s  on  t h e  r o b o t i z a t i o n  i n  t h e  m a c h i n e r y  i n d u s t r i e s .  And 
t h e  l a s t  s e c t i o n  p r o v i d e s  a  summary and c o n c l u s i o n s .  
2.  Overv iew o f  t h e  w o r l d  i n d u s t r y  and t r a d e  model 
The w o r l d  model i n  t h i s  s t u d y  i s  based on a  d e c o m p o s i t i o n  o f  t h e  w o r l d  
economy i n t o  s e v e r a l  m u l t i s e c t o r a l  models f o r  the  c o u n t r i e s  and r e g i o n s .  
The system i s  c l o s e d  by t h e  i n t e r n a t i o n a l  t r a d e  l i n k a g e  model by s e c t o r ,  
wh ich  d e t e r m i n e s  t h e  e x p o r t  volumes and i m p o r t  p r i c e s  o f  the  i n d i v i d u a l  
c o u n t r i e s  and r e g i o n s .  T h i s  i s  t o  ensure  w o r l d  a c c o u n t i n g  c o n s i s t e n c y  
f o r  t h e  i n t e r n a t i o n a l  t r a d e  f  l ow .2 '  
The c u r r e n t  v e r s i o n  o f  t h e  model s u b d i v i d e s  t h e  w o r l d  economy i n  t h e  
f o l l o w i n g  c o u n t r i e s  o r  c o u n t r y  groups:  
Japan 
U.S.A. 
K O  r e a  
EC(4)( France,  I t a l y ,  West Germany and U.K.) 
ODC ( OECD c o u n t r i e s  e x c l u d i n g  Japan, U.S.A. and EC(4)) 
ANICs( Taiwan and Hong Kong) 
ASEAN( Indones ia ,  N a l a y s i a , P h i l l i p i n e s ,  S ingapore  and THa i land)  
R O W  ( Rest  o f  t h e  w o r l d )  
F i g u r e  1 g r a p h i c a l l y  shows how t h e  i n d i v i d u a l  c o u n t r y  and r e g i o n a l  
model c o u l d  be l i n k e d  w i t h  each o t h e r  w i t h i n  a  w o r l d  i n d u s t r y  and t r a d e  
model . 
, Pe i / 1 J/  
\, 1 Trade I  i nkage model / 
by s e c t o  
F i g u r e  1 L i n k a g e  o f  c o u n t r y  models 
Domes t i c  economy i n  t h e  i n d i v i d u a l  c o u n t r y  o r  g r o u p  o f  c o u n t r i e s  i s  
d i s a g g r e g a t e d  i n t o  21  s e c t o r s  as  shown i n  T a b l e  1. 
T a b l e  1  S e c t o r a l  C l a s s i f i c a t i o n  o f  t h e  Model 
1. A g r i c u l t u r e ,  f o r e s t r y  and f i s h i n g  
2 .  ?lining 
3 .  Food, beva rage  and tobacoo  
4.  T e x t i l e s  
5.  A p p a r e l s  
6 .  L e a t h e r  p r o d u c t  and f o o t w e a r  
7 .  Wooden p r o d u c t  a n f  f u r n i t u r e  
8. P u l p ,  p a p e r  , p r i n t i n g s  and p u b l i s h i n g s  
9 .  Rubber and p l a s t i c  p r o d u c t s  
10.  C h e m i c a l s  
11. P e t r o l e u m  and c o a l  p r o d u c t s  
12.  Yon -me ta l  i c  m i n e r a l  p r o d u c t s  
13.  I r o n  and s t e e l  p r o d u c t  
14. Y o n - f e r r o u s  m e t a l s  
15 .  F a b r i c a t e d  m e t a l  p r o d u c t s  
16. a a c h i n e r y  e x c e p t  e l e c t r i c a l s  
17. E l e c t r i c a l  m a c h i n e r y  
18. T r a n s p o r t  equ ipmen t  
19. P r e c i s i o n  i n s t r u m e n t s  
20.  X i s c e l l a n e o u s  m a n u f a c t u r i n g  p r o d u c t s  
21.  C o n s t r u c t i o n  and t e r t i a r y  i n d u s t r y  
I n  r e g a r d  t o  n a t i o n a l  and r e g i o n a l  m o d e l i n g ,  t h e  model f o r  Japan.  
U . S . A .  and Korea i s  a  l a r g e  s c a l e  e q u a t i o n  sys tem t h a t  a t t e m p t s  t o  
e u p l a i n  t h e  i n p u t - o u t p u t  r e l a t i o n  and K e y n s i a n  mac ro -economic  b e h a v i o r s  
s i m u l t a n e ~ u s l y . ~ '  Y o d e l i n g  f o r  t h e  g r o u p  o f  c o u n t r i e s ,  on  t h e  o k h e r  
hand, a r e  based on  a  r a t h e r  s i m p l i f i e d  f o r m u l a t i o n ,  i n  w h i c h  t h e  s e c -  
t o r a l  i m p o r t  vo lumes  and e x p o r t  p r i c e s  a r e  r e l a t e d  d i r e c t l y  w i t h  a g g r e -  
g a t e  economic  v a r i a b l e s ,  n o t  w i t h  s e c t o r a l  i n p u t - o u t p u t  r e l a t i o n s .  T h i s  
s i m p l i f i c a t i o n  i s  m o s t l y  due  t o  t h e  a v a i l a b i l i t y  o f  1 - 0  based s e c t o r a l  
t i m e  s e r i e s  d a t a .  
F i g u r e  2  shows t h e  b a s i c  s t r u c t u r e s  o f  t h e  m u l t i - s e c t o t a l  mode l .  
J 
f i n a l  demand 
2 
'-4 unemp :oymentl 
? 
I LI  v a l u e  added 
- 1 i n c o m e  1 l c a p i  t a l  s t o c k 1  
F i g u r e  2 S t r u c t u r e  o f  a  M u l t i - s e c t o r a l  Model 
I t  i s  seen  t h a t  t h e  model i n c l u d e s  t h e  b a s i c  e l e m e n t s  o f  economy-w ide  
model ,  i . e .  
( 1 )  a  f i n a l  demand b l o c k  
( 2 )  a  i n p u t - o u t p u t  and o u t p u t  b l o c k  
( 3 )  a  f a c t o r  demand b l o c k  
( 4 )  a income g e n e r a t i o n  b l o c k  
( 5 )  a  i n o u t  c o s t  and p r i c e  b l o c k  
( 6 )  a  wage and unemployment  b l o c k  
(7)  a  e x p o r t - i m p o r t  b l o c k .  
3 .  I n t e r n a t i o n a l  I n t e r d e p e n d e n c e  t h r o u g h  Commodity T r a d e  
To e v a l u a t e  t h e  i n t e r n a t i o n a l  i m p a c t s  o f  r o b o t i z a t i o n ,  i t  i s  a  p r e -  
r e q u i s i t e  t o  model t h e  t r a d e - d e p e n d e n t  r e l a t i o n s  among c o u n t r i e s  i n  t h e  
model .  The t r a d e  l i n k a g e  model i s  t h u s  d e v e l o p e d  a s  a  submodel o f  t h e  
w o r l d  model .  T h i s  was done i n  o r d e r  t o  d e t e r m i n e  c o n s i s t e n t l y  t h e  e x p o r t  
vo lumes  and i m p o r t  p r i c e s  b y  s e c t o r  f o r  each  c o u n t r y  o r  r e g i o n ,  g i v e n  
t h e  i m p o r t  vo lumes  and e x p o r t  p r i c e s  d e t e r m i n e d  i n  t h e  n a t i o n a l  o r  
r e g i o n a l  model .  
The i d e a  o f  a c h i e v i n g  c o n s i s t e n c y  i n  e x p o r t - i m p o r t  r e l a t i o n s h i p s  i n  
t h e  w o r l d  m a r k e t  i s  b r i e f l y  e x p l a i n e d  be low .  L e t  t h e  t r a d e  l i n k a g e  
m a t r i x ,  m r S  be d e f i n e d  a s ,  
m r 9  = n r S /  , n r s  = M r S /  D S  
where N r s  i s  e x p o r t  f r o m  c o u n t r y  r t o  c o u n t r y  s  and f13 , t o t a l  i m p o r t  o f  
c o u t r y  s .  
Thus, m r 5  i s  t h e  m a r k e t  s h a r e  o f  c o u t r y  r ' s  e x p o r t  i n  c o u n t r y  s ' s  
~ m p o r t s .  Then , by d e f ~ n i t i o n ,  t h e  t o t a l  e x p o r t  o f  c o u n t r y  r ( E r )  i s  
g  i v e n  by 
Er = C  drs = C s m r s N s  - - - - - - - - - - - - - - - -  ( I )  
S i n c e  summat ion o f  m r 3  o v e r  r i s  u n i t y ,  we see  t h a t  t h e  e x p o r t  
d e t e r m i n e d  above s a t i s f i e s  t h e  w o r l d  i d e n t i t y  i n  r e a l  t r a d e  f l o w ,  
C r E '  = c 5 n 9  
L i k e w i s e ,  i f  t h e r e  i s  no p r i c e  d i s c r i m i n a t i o n  i n  t h e  e x p o r t  m a r k e t ,  
i m p o r t  p r i c e  o f  c o u n t r y  s(Pm5) i s  g i v e n  by t h e  w e i g h t e d  a v e r a g e  o f  t h e  
e x p o r t  p r i c e s  o f  s u p p l y i n g  c o u n t r i e s ( P e r )  a s  f o l l o w s :  
pm5 = C  r m r 3 p e '  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ( 2 )  
T h i s  i m p o r t  p r i c e  g u a r a n t e e s  t h a t  a  companion w o r l d  i d e n t i t y .  
C  Pms YS = C  , Per Er 
h o l d s .  
Thus, i f  t h e  t r a d e  share  m a t r i x  i s  g i v e n ,  e x p o r t  v o l u n e s  and i m p o r t  
p r i c e s  a r e  j o i n t l y  de te rm ined  so as t o  p r e s e r v e  t h e  w o r l d  t r a d e  accoun-  
t i n g  i d e n t i t i e s  i n  b o t h  c u r r e n t  and c o n s t a n t  p r i c e s .  
Our s p e c i f i c a t i o n  of  t h e  t r a d e  l i k a g e  model i s  based on M o r i g u c h i  
method. The advantage t h i s  method has over  t h e  a l t e r n a t i v e  methods, l i e s  
i n  t h e  f a c t  t h a t  i t  i n c l u d e s  b o t h  demand and s u p p l y  f a c t o r s  i n  t h e  
b i l a t e r a l  t r a d e  f l o w  equa t ion . "  
Trade s h a r e  m a t r i x ,  m r s  i n  t h e  M o r i g u c h i  approach  i s  w r i t t e n  as 
I  n(mrs)  = ar + br l n(Per/Pcomr3) + c r  l n(Ecr / M 3 )  
+ CSd '3D3 . . . . . . . . . . . . . . . . . . . . . . .  ( 3 )  
where Pcomr3 i s  t h e  e x p o r t  p r i c e s  of c o u n t r y  r ' s  r i v a l s  i n  c o u n t r y  s  
marke t ,  E c r ,  e x p o r t  c a p a c i t y  of c o u n t r y  r and D 3 ,  t h e  dummy v a r i a b l e s  
f o r  i m p o r t  c o u n t r y  s  t o  t a k e  i n t o  accoun ts  t h e  g e o g r a p h i c  and o t h e r  
t r a d e  l i n k a g e  f a c t o r s .  T h i s  e q u a t i o n  i m p l i e s  t h a t  t h e  e x p o r t  s h a r e  o f  
c o u n t r y  r i n  c o u n t r y  s  i s  d e t e r m i n e d  t h r o u g h  demand-supply  i n t e r a c t i o n  
by p r i c e  c o m p e t i t i v e n e s s ,  Per/PcomrS and n o n - p r i c e  f a c t o r  , Ecr/Ms . 
I n  e s t i m a t i n g  t h i s  e q u a t i o n  by s e c t o r ,  we assumed t h a t  t h e  marke t  
s h a r e  e l a s t i c i t i e s  w i t h  r e s p e c t  t o  p r i c e  and n o n - p r i c e  v a r i a b l e s  a r e  
equal  a c r o s s  t h e  i m p o r t  marke ts ,  and poo led  t i m e  s e r i e s  o f  m r s  f o r  each 
e x p o r t  c o u n t r y  r .  Fur the rmore ,  e x p o r t  c a p a c i t y  v a r i a b l e ,  Ecr i s  
approx imated  by t h e  r e a l i z e d  e x p o r t s  i n  t h e  p r e v i o u s  y e a r ,  and i f  
a p p r o a p r i a t e ,  a d d i t i o n a l  dummy v a r i a b l e s  a r e  i n t r o d u c e d  t o  a d j u s t  
i r r e g u l a r i t i e s  o v e r  t h e  sample p e r i o d  1970-84.  
T a b l e  2 summarizes t h e  e s t i m a t e d  r e s u l t s  f o r  t h e  e l e c t r i c a l  machinery  
i n d u s t r y .  From t h i s  t a b l e ,  we f i n d  f i r s t  t h e  d i r e c t  impac ts  o f  e x p o r t  
p r i c e  changes as f o l l o w s :  
(1 )  A 10 p e r  c e n t  dec rease  i n  Japan 's  e x p o r t  p r i c e  r a i s e s  h e r  e x p o r t  
volume by 4 . 1  per  c e n t  i n  t h e  f i r s t  year  and 7.7 pe r  c e n t  i n  t h e  
f i f t h  year .  The impacts  on e x p o r t s  o f  o t h e r  c o u n t r y  o r  g roup  o f  
T a b l e  2 E s t i f l a t e s  f o r  e l e c t r i c a l  mach ine ry  i n d u s t r y  
Impact  I l ncrease i n  
on e x p o r t  p r i c e  ' l m p o r t  volumes 
e x p o r t  volumes ~ n  I n  
I n  Japan U.S.A. Korea Japan U.S.A. Korea 
Japan -0.41 0.05 0.02 0.11 0.02 
-0 .77  0.10 0.03 0.24 0.03 
U.S.A. 0.09 -0 .39 0.01 0.06 0.02 
0.10 -0 .43  0.01 0.05 0.06 
Korea 0.24 0.09 -0 .99 0.06 0.18 
0.42 0.20 -2 .17  0.12 0.41 
EC(4) 0.06 0.05 0.00 0.00 0.01 0.00 
0.06 0.08 0.01 0.00 0.02 0.00 
A s l a  NlCs 0.23 0.06 0.03 0.03 0.33 0.01 
0.24 0.09 0.04 I 0.04 0.42 0.01 
ASEAN 0.47 0.10 0.06 0.00 0.02 0.00 
1.04 0.32 0.20 1 0.00 0.05 0.00 
I 
O O C  0.02 0.01 0.00 0.00 0.03 0 . O O  
0.03 0.02 0.00 0.00 0.06 0.00 
i m p o r t  p r i c e s  
i n  
Japan - 0.35 0.17 
- 0.80 0.21 
U.S.A. 0.37 - 0.07 
0.62 - 0.07 
Korea 0.44 0.17 
0.74 0.28 
EC(4) 0.11 0.10 0.01 
0.19 0.09 0.02 
A s i a  NlCs 0.42 0.14 0.00 
0.68 0.14 0.00 
ASEAN 0.29 0 .13  0.01 
0.39 0.24 0.01 
O O C  0.11 0.18 0.01 
0.20 0.14 0.01 
Vote:  F i g u r e s  i n  t h e  t a b l e  a r e  e l a s t i c i t i e s  and f o r  each c o u n t r y  o r  
g roup  o f  c o u n t r i e s ,  the  upper  number i n d i c a t e s  the  impact  i n  
t h e  f i r s t  year  and t h e  lower  one, t h a t  i n  t h e  f i f t h  year .  
c o u n t r i e s  a r e  a l l  n e g a t i v e .  I n  t h e  f i f t h  year  impac ts  a r e  -10.4 pe r  
c e n t  f o r  ASEAN and - 4 . 2  per  c e n t  f o r  Korea. I m p o r t  p r i c e s  a r e  
a f f e c t e d  f a v o r a b l y ,  and s i g n i f i c a n t  decreases a r e  seen i n  t h e  US, 
Korea and A s i a  NICs. 
(2) A 10 p e r  c e n t  r e d u c t i o n  of U.S. e x p o r t  p r i c e s  i n c r e a s e s  h e r  own 
e x p o r t  by 3.9 pe r  c e n t  i n  t h e  f i r s t  year  and 4.3 p e r  c e n t  i n  t h e  
f i f t h  year .  The f a v o r a b l e  impac ts  on t h e  US e x p o r t s  a r e  s m a l l  as 
compared w i t h  t h e  case o f  Japan. The impact  on e x p o r t s  o f  o t h e r  
economies i n  t h e  f i f t h  year  a r e  -1.0 pe r  c e n t ,  -2.0 pe r  c e n t ,  -3 .2  
p e r  c e n t  f o r  Japan, Korea and ASEAN r e s p e c t i v e l y .  The impacts  on 
i m p o r t  p r i c e s  of t h e  t r a d e  p a r t n e r s  a r e  q u i t e  s m a l l  compared w i t h  
those  by Japan. 
(3) A 10 p e r  c e n t  dec rease  i n  Korean e x p o r t  p r i c e s  r a i s e s  h e r  own 
e x p o r t s  by 9.9 p e r  c e n t  i n  t h e  f i r s t  year  and 21.7 p e r  c e n t  i n  t h e  
f i f t h  year .  T h i s  r e f l e c t s  t h e  h i g h  p r i c e  e l a s t i c i t y  o f  Korean 
e x p o r t s .  B u t  t h e  impac ts  on o t h e r  economies a r e  r a t h e r  modest,  
e x c e p t  f o r  ASEAN. 
T u r n i n g  t o  t h e  impacts  o f  i nc reased  i m p o r t  volumes on t h e  t r a d e  p a r t -  
n e r s '  e x p o r t s ,  we see a  s l i g h t  i n c r e a s e  f rom t h e  impact  f rom Japan and 
Korea. The reason  f o r  t h e  s m a l l  impac ts  f r o m  Korea may be due t o  t h e  
r e l a t i v e  s i z e  o f  Korean i m p o r t  marke t  t o  t o t a l  e x p o r t s  o f  Japan and t h e  
US. The impac ts  f rom t h e  US a r e  r e l a t i v e l y  s t r o n g  because o f  he r  l a r g e  
i m p o r t  volumes and h i g h  dependencies on e x p o r t s  f r o m  Japan and Korea. 
10 p e r  c e n t  i n c r e a s e  i n  t h e  US i m p o r t s  r a i s e s  e x p o r t s  i n  t h e  f i f t h  year  
by 2.4 p e r  c e n t ,  4.1 p e r  c e n t ,  4.2 pe r  c e n t  f o r  Japan, Korea and A s i a  
NlCs r e s p e c t i v e l y .  
4 .  D i f f u s i o n  Process o f  t h e  Impacts  o f  R o b o t i z a t i o n  i n  t h e  model 
Be fo re  d i s c u s s i n g  t h e  s i m u l a t i o n  exper imen ts ,  i t  i s  c o n v e n i e n t  f o r  us 
t o  l o o k  a t ,  based on t h e  s p e c i f i c a t i o n  o f  t h e  model,  t h e  d i f f u s i o n  mech- 
anism, t h r o u g h  wh ich  r o b o t  i nves tment  i n  one i n d u s t r y  a f f e c t s  aggrega te  
and s e c t o r a l  b e h a v i o r s  o f  o t h e r  i n d u s t r i e s  b o t h  d o m e s t i c a l l y  and i n t e r -  
n a t i o n a l l y .  
A c c o r d i n g  t o  a  r e p o r t  o f  t h e  Japan i n d u s t r i a l  Robot  A s s o c i a t i o n (  J  I R A ) ,  
wage c o s t  p r e s s u r e  i s  t h e  most  i m p o r t a n t  f a c t o r  t h a t  encourages r o b o t  
i n ~ e s t a e n t . ~ '  T h i s  aeans t h a t  t h e  impact  o f  r o b o t i z a t i o n  i s  i n i t i a l l y  
observed i n  t h e  fo rm o f  l a b o r  d i s p l a c e m e n t  o r  i n c r e a s e d  l a b o r  p r o d u c -  
t i v i t y  i n  t h e  r o b o t  u s i n g  i n d u s t r y .  Then t h i s  t e n d s  t o  induce  t h e  asso-  
c i a t e d  changes i n  t h e  f o l l o w i n g  two ways. F i r s t ,  o u t p u t  p r i c e  w i l l  be 
depressed as a  r e s u l t  o f  wage c o s t  r e d u c t i o n  by t h e  inc reased  l a b o r  
p r o d u c t i v i t y .  Second, wage c o s t  r e d u c t i o n  w i l l  improve p r o f i t a b i l i t y  
which may induce  a d d i t i o n a l  i nves tment .  
The lower  o u t p u t  p r i c e  i n  t h e  r o b o t i z e d  i n d u s t r y  w i l l  n o t  o n l y  
i n c r e a s e  p r i c e  c o m p e t i t i v e n e s s  o f  t h i s  i n d u s t r y  i n  t h e  e x p o r t  marke t ,  
b u t  a l s o  dec rease  i n t e r m e d i a t e  i n p u t  p r i c e  o f  r e l a t e d  i n d u s t r i e s  t h r o u g h  
i n p u t - o u t p u t  r e l a t i o n s .  A c c o r d i n g l y ,  t h e  i n i t i a l  p r i c e  dec rease  i n  t h e  
r o b o t  u s i n g  i n d u s t r y  i n f l u e n c e s  o u t p u t  p r i c e s  o f  a l l  i n d u s t r i e s  w i t h  
v a r y i n g  degree.  F u r t h e r  d e c l i n e  w i l l  be expec ted  i n  t h e  p r i c e s  o f  o u t -  
p u t  and e x p o r t s  i f  t h e  wage p r e s s u r e  i n  t h e  l a b o r  marke t  i s  reduced by 
t h e  l a b o r  d i s p l a c e m e n t  e f f e c t s  o f  r o b o t i z a t i o n .  
On t h e  demand s i d e ,  i n v e s t m e n t  f o r  r o b o t i z a t i o n  w i  l l i n c r e a s e  p r o d u c -  
t i o n  i n  t h e  r o b o t  ( c a p i t a l  goods) p r o d u c i n g  i n d u s t r y ,  and i t  i n  t u r n  
w i l l  r e q u i r e  a d d i t i o n a l  employment and f i x e d  i n v e s t e e n t .  
These impac ts  on  p r i c e ,  p r o d u c t i o n  and f a c t o r  demands w i l l  d i f f u s e  
g r a d u a l l y  i n t o  t h e  income d i s t r i b u t i o n  b l o c k  and a f f e c t  p r i v a t e  consun-  
p t i o n  and h o u s i n g  inves tment  e x p e n d i t u r e s .  Thus, t h e  i n i t i a l  impac t  
w i l l  be m u l t i p l i e d  d o m e s t i c a l l y  t h r o u g h  t h e  i n t e r d e p e n d e n t  r e l a t i o n s  o f  
t h e  model. 
The domest ic  i n t e r p l a y s  i n i t i a t e d  by r o b o t i z a t i o n  a r e  t r a n s m i t t e d  
t o  f o r e i g n  c o u n t r i e s  t h r o u g h  t h e  i n t e r n a t i o n a l  t r a d e  l  inkage.  T h i s  i s  
because t h e  changes i n  t h e  e x p o r t  p r i c e s  and i m p o r t  volumes g e n e r a t e d  i n  
t h e  domes t i c  economy a r e  assumed t o  i n f l u e n c e  i m p o r t  p r i c e s  and e x p o r t  
volumes o f  a l l  c o u n t r i e s .  S p e c i f i c a l l y ,  a  e x p o r t  p r i c e  dec rease  i n  t h e  
t r a n s m i t t i n g  r o b o t i z e d  c o u n t r y  w i l l  depress e x p o r t s  f rom r i v a l  c o u n t r i e s  
and decrease i m p o r t  p r i c e s  o f  t r a n s m i t t e d  c o u n t r i e s .  I n  a d d i t i o n  t o  
t h i s ,  i m p o r t  i n c r e a s e  by t h e  demand s i d e  e f f e c t s  o f  r o b o t i z a t i o n  i n  t h e  
t r a n m i t t i n g  c o u n t r y  w i l l  i n c r e a s e  e x p o r t s  f rom p a r t n e r  c o u n t r i e s  and 
a f f e c t  p r o d u c t i o n  t h e r e .  
These e f f e c t s  i n  t h e  f o r e i g n  c o u n t r i e s  w i l l  be f e d  back w i t h  a  
c e r t a i n  t i m e  l a g  t o  t h e  domes t i c  economy t h r o u g h  t h e  c h a n n e l s  o f  t r a d e  
f l o w .  
The i n t e n s i t y  and scope o f  the  impac ts  o f  r o b o t i z a t i o n  on i n d i v i d u a l  
s e c t o r s  depends m o s t l y  on t h e  e s t i m a t e d  paramete rs  and l a g  p a t t e r n s  i n  
t h e  w o r l d  model,  t h e  d e t a i l s  o f  which a r e  g i v e n  i n  a  s e p a r a t e  paper .  
5 .  Assumpt ions on t h e  demand-supply e f f e c t  o f  r o b o t i z a t i o n  
As i s  c l e a r l y  s t a t e d  i n  a  r e p o r t  o f  JIRA, b u s i n e s s  f i r m s  w i l l  make a  
d e c i s i o n  f o r  r o b o t i z a t i o n  depending on t h e  l a b o r  d i s p l a c e m e n t  e f f e c t  o f  
r o b o t  i nves tment .  The l a r g e r  t h e  l a b o r  c o s t  s a v i n g  r e l a t i v e  t o  t h e  
p r i c e  o f  r o b o t ,  t h e  h i g h e r  t h e  p r o b a b i l i t y  o f  i n t r o d u c i n g  r o b o t  i n  t h e  
p r o d u c t i o n  p rocess  i n  p l a c e  o f  workers .  
Then, t h e  q u e s t i o n  a r i s e s  what i s  t h e  c r i t i c a l  l e v e l  o f  t h e  r e a l  p r i c e  
o f  r o b o t  i n  te rm o f  pe r  c a p i t a  employment c o s t .  Again,  a c c o r d i n g  t o  a  
JIRA r e p o r t ,  t h e  maximum amount o f  money t h a t  b u s i n e s s  f i r m s  can a f f o r d  
t o  i n v e s t  f o r  r o b o t  i s  abou t  t w i c e  as much as t h e  annual  employment c o s t  
per  ~ o r k e r . ~ '  T h i s  i m p l i e s  t h a t  g i v e n  an i n d u s t r i a l  r o b o t  f u l l y  d i s p l a -  
c i n g  one workers  i n  t h e  n e t  term, inves tment  f o r  t h i s  r o b o t  w i l l  become 
p r o f i t a b l e  when t h e  p r i c e  o f  r o b o t  become l e s s  t h a n  t h e  t w i c e  o f  annual 
employment c o s t .  
Thus, assuming t h a t  annual  employment c o s t  per  worke r  i s  4 m i l l i o n  yen 
i n  1980 p r i c e s ,  b u s i n e s s  f irm w i l l  p l a n  t o  i n v e s t  8  m i l l i o n  yens o r  l e s s  
f o r  t h e  r o b o t .  S i n c e  the  a c t u a l  r o b o t  i nves tment  has t o  c o v e r  b o t h  t h e  
c o r e  and p e r i p h e r a l  esu ipments,  t h e  t o t a l  amount i s  e s t i m a t e d  t o  be a t  
l e a s t  i n  t h e  o r d e r  o f  10 m i l l  i o n  yens i n  1980 p r i c e s .  
I n  a n a l y z i n g  t h e  o v e r a l l  impacts  o f  r o b o t i z a t i o n ,  t h e  c r i t i c a l  p o i n t  
i s  how t o  feed  t h e  d i r e c t  impac ts  o f  them i n t o  t h e  model. Our p r o c e -  
d u r e  i s  such  t h a t  t h e  l a b o r  d i s p l a c e m e n t  e f f e c t  o f  r o b o t  use i s  g i v e n  
by a  downward s h i f t  o f  l a b o r  demand f u n c t i o n ,  and t h e  i n v e s t m e n t  demand 
f o r  r o b o t i z a t i o n  i s  r e p r e s e n t e d  by t h e  upward s h i f t  o f  i nves tment  f u n c -  
t i o n  o f  a  g i v e n  i n d u s t r y .  And f i v e  assumpt ions  a r e  i n t r o d u c e d  on t h e  
s h i f t i n g  p a t t e r n s  o f  two f u n c t i o n s  i n  t h e  i n d i v i d u a l  i n d u s t r i e s  a s  
f o l  lows:  
A l :  Based on t h e  s e c t o r a l  d i s t r i b u t i o n  o f  r o b o t  s t o c k  i n  Japan, 
r o b o t i z a t i o n  i n  t h e  s i m u l a t i o n  i s  c o n f i n e d  t o  the  f o u r  mach ine ry  
i n d u s t r i e s .  These a r e ,  machinery  e x c e p t  e l e c t r i c a l s ,  e l e c t r i c a l  
machinery ,  t r a n s p o r t  equipment  and i n s t r u m e n t .  R o b o t i z a t i o n  i n  
o t h e r  i n d u s t r i e s  i s  d i s r e g a r d e d .  
A2: f l a g n i t u d e  o f  t h e  downward s h i f t  o f  l a b o r  demand f u n c t i o n  i n  Japan 
i s  s e t  by 10,000 per  year  f o r  t h r e e  mach ine ry  i n d u s t r i e s  and 
5,000 f o r  i n s t r u m e n t  i n d u s t r y .  These f i g u r e s  a r e  based on t h e  
e s t i m a t e s  by J lRA and P r o f .  M i t s u o  S a i t ~ . ~ '  
A3: The same magni tude o f  d i r e c t  l a b o r  d i s p l a c e m e n t  i s  i n t r o d u c e d  i n  
the  US, whereas t h e  s h i f t  i n  Korea i s  reduced t o  o n e - f o u r t h  o f  
t h a t  i n  Japan. These d i f f e r e n c e s  i n  t h e  magni tude a r e  j u s t i f i e d  
by t h e  r e l a t i v e  s i z e  o f  each economy and a r e  needed t o  makes o u r  
compar ison w i t h  the  US and Korea more r e a l i s t i c .  
A4: Upward s h i f t  o f  t h e  inves tment  f u n c t i o n  i s  de te rm ined  by p e r  
c a p i t a  annual  l a b o r  c o s t  and l a b o r  d i s p l a c e m e n t  e f f e c t  o f  r o b o t  
i nves tment .  The r e q u i r e d  r o b o t  i nves tment  t o  d i s p l a c e  10,000 
workers  i s  e s t i m a t e d  t o  be 65 b i l l i o n  yens i n  1980 p r i c e s ,  and 
32.5 b i l l i o n  yens i s  needed t o  dec rease  5,000 workers .  A d d i t i o n a l  
i nves tment  i s  made i n  t h e  o r d e r  o f  10 p e r  c e n t  o f  i n i t i a l  i n v e s t -  
ment f rom t h e  second year  and a f t e r w a r d s .  
AS. Two t y p e s  o f  s i m u l a t i o n  a r e  made i n  o r d e r  t o  e v a l u a t e  t h e  r e l a -  
t i v e  impor tance  o f  l a b o r  d i s p l a c e m e n t  e f f e c t  and demand s i d e  
e f f e c t .  The f i r s t  s i m u l a t i o n  (S-1)  d i s r e g a r d s  demand s i d e  e f f e c t s  
and t h e  second s i m u l a t i o n  (S -2 )  i n c l u d e s  b o t h  e f f e c t s  o f  r o b o t  
i nves tment .  
6 .  S i m u l a t i o n  R e s u l t s  on R o b o t i z a t i o n  i n  Japan, t h e  US and Korea 
The p rocedure  o f  r o b o t i z a t i o n  s i m u l a t i o n  w i t h  t h e  e s t i m a t e d  g l o b a l  
model i n v o l v e s  f i r s t  t h e  e s t a b l i s h m e n t  o f  c o n t r o l  s o l u t i o n s  f o r  t h e  
whole system. The c o n t r o l  s o l u t i o n s  i n  t h i s  e x p e r i m e n t  were g i v e n  by 
s o l v i n g  t h e  model w i t h o u t  r o b o t i z a t i o n  assumpt ions  f o r  t h e  p e r i o d  1979- 
83. 
The second s t e p  i s  t o  d e r i v e  d i s t u r b e d  s o l u t i o n s  based on t h e  a l t e r -  
n a t i v e  r o b o t i z a t i o n  s c e n a r i o .  G iven  these  two s o l u t i o n s ,  t h e  impac ts  o f  
r o b o t i z a t i o n  on t h e  macro and s e c t o r a l  economies a r e  measured by t h e  
d i f f e r e n c e s  between t h e  two. 
We computed d i s t u r b e d  s o l u t i o n s  f o r  t h e  f o l l o w i n g  t h r e e  s c e n a r i o s :  
S1: R o b o t i z a t i o n  i n  t h e  Japanese machinery  i n d u s t r y .  
S2: R o b o t i z a t i o n  i n  t h e  US mach inery  i n d u s t r y .  
S3: R o b o t i z a t i o n  i n  t h e  Korean mach in ry  i n d u s t r y .  
I n  s c e n a r i o  I and 2, two types  of s i m u l a t i o n  ( S i - l  o r  S i - 2 ) ,  as 
d e s c r i b e d  i n  A5 above, a r e  conduc ted  t o  compare t h e  r e l a t i v e  impor tance 
o f  demand s i d e  and s u p p l y  s i d e  e f f e c t s  o f  r o b o t i z a t i o n .  
The r e s u l t s  o f  s i m u l a t i o n  i n  each c o u n t r y  a r e  p resen ted  f i r s t  on t h e  
macro-economic impac ts  on h e r  own economy, and second on t h e  e x t e r n a l  
economies and t h i r d  on t h e  s e c t o r a l  impac ts  i n  t h e  domest ic  economy. 
6 .1  The case o f  r o b o t i z a t i o n  i n  Japan 
Impacts o f  r o b o t i z a t i o n  on the .macro l e v e l  a r e  shown i n  t a b l e  3 - 1  
For Japan, the  r e s u l t s  a r e  an improvement i n  CNP amount ing t o  0 . 3 5 - 0 . 3 7  
per  c e n t , o v e r  t h e  c o n t r o l  s o l u t i o n s  i n  t h e  f i f t h  year .  C o n t r i b u t i n g  
f a c t o r s  f o r  t h i s  a re ,  t h e  downward s h i f t  o f  t h e  p r i c e  t r e n d  and t h e  
r e s u l t i n g  i n c r e a s e s  i n  e x p o r t s  and d o n e s t i c  inves tments .  
The impac ts  on the  US economy as a  whole a r e  s ~ a l l  b u t  n e g a t i v e .  T h i s  
i s  because t h e  n e g a t i v e  impac ts  on n e t  e x p o r t s  and inves tment  a r e  n o t  
f u l l y  c a n c e l l e d  o u t  by t h e  p o s i t i v e  e f f e c t s  on p r i v a t e  consumpt ion and 
hous ing  inves tment .  
For  Korea, changes i n  t h e  c o ~ p a r a t i v e  advantage a f f e c t  he r  e x p o r t s  
n e g a t i v e l y  as i s  t h e  case o f  the  US. However, s i n c e  t h e  induced i n v e s t -  
ment g r o w t h  o f f s e t s  most o f  the  e x p o r t  d e c l i n e ,  t h e  n e g a t i v e  impacts on 
CNP a r e  n e g l i g i b l e .  And t h e  s l i g h t  b u t  p o s i t i v e  impacts a r e  observed 
i n  t h e  l a b o r  demands. 
The observed d i f f e r e n c e s  i n  t h e  inves tment  response between t h e  US and 
Korea, a r e  e x p l a i n e d  by t h e  f a c t  t h a t  Korea depends h e a v i l y  on Japan f o r  
her  s u p p l y  o f  c a p i t a l  goods - s p e f i c i c a l l y  t h e  p r o d u c t s  o f  t h e  machinery 
i n d u s t r y .  Cheaper c a p i t a l  goods impor ted f r o m  Japan decrease t h e  c o s t  
o f  c a p i t a l  i n  ~ o r e a  s i g n i f i c a n t l y  and as a  r e s u l t ,  s t i m u l a t e  domest i c  
i nves tment . 
A t  t h e  s e c t o r a l  l e v e l ,  l a b o r  d isp lacement  e f f e c t s  o f  r o b o t i z a t i o n  i n  
Japan a r e  c o n c e n t r a t e d  i n  t h e  r o b o t i z e d  i n d u s t r i e s ,  as shown i n  t a b l e  
3-2 ,  and amount t o  36.9 thousand j o b s  i n  t h e  f i r s t  year  and 62.3 t h o u -  
sand j o b s  i n  t h e  f i f t h  year  when d i s r e g a r d i n g  t h e  denand s i d e  e f f e c t s  o f  
r o b o t  inves tment .  The r e s u l t s  i n  t a b l e  3 - 2  a l s o  shows t h a t  t h e  demand 
s i d e  e f f e c t s  o f  r o b o t  inves tment  has worked t o  decrease the  l a b o r  
d isp lacememt e f f e c t s  by a b o u t  10 thousand j o b s  i n  t h e  s h o r t - r u n .  I t  
s h o u l d  be no ted  here t h a t  i n  b o t h  cases, t h e  workers  d i s p l a c e d  i n  t h e  
r o b o t i z e d  i n d u s t r i e s  tend  t o  be p a r t i a l l y  absorbed by o t h e r  i n d u s t r i e s ,  
and t h e  n e g a t i v e  impac ts  on j o b s  a r e  reduced over  t ime.  
The impac ts  on  s e c t o r a l  o u t p u t  p r i c e s  a r e  shown i n  t a b l e  3 -3 ,  where 
the s i g n i f i c a n t  p r i c e  decreases i n  t h e  r o b o t i z e d  s e c t o r s  have d i f f u s e d  
t o  a l l  s e c t o r s  t h r o u g h  d e c l i n i n g  i n p u t  p r i c e s  and wage c o s t .  A f t e r  5  
years ,  p r i c e  r e d u c t i o n s  f r o m  t h e  c o n t r o l .  s o l u t i o n s  a r e  over  I per  c e n t  
f o r  t h e  r o b o t i z e d  s e c t o r s  and a t  l e a s t  0.5 per  c e n t  f o r  the  r e m a i n i n g  
s e c t o r s .  The c u m u l a t i v e  e f f e c t s  on o u t p u t  p r i c e s  a r e  c o n s i d e r a b l e  i n  
t r a n s p o r t  equipment  and p r e c i s i o n  i n s t r u m e n t s  i n d u s t r i e s .  
The e f f e c t s  on s e c t o r a l  i nves tments  a r e  p o s i t i v e  f o r  a l m o s t  a l l  s e c -  
t o r s ,  though t h e  magni tude  o f  the  e f f e c t s  v a r i e s  among i n d i v i d u a l  s e c -  
t o r s .  I n  t h e  f i r s t  year ,  o v e r  40 per  c e n t  o f  the  i n c r e a s e s  a r e  concen-  
t r a t e d  i n  t h e  r o b o t i z e d  s e c t o r s .  But  i n  t h e  f i f t h  year  the  s h a r e  o f  the  
r o b o t i z e d  s e c t o r s  d e c l i n e s  t o  around 33 per  c e n t  and t h a t  o f  r e m a i n i n g  
s e c t o r s  as a  whole amounts t o  67 per  c e n t .  
The p o s i t i v e  impac ts  on s e c t o r a l  e x p o r t s ,  as  shown i n  t a b l e  3 -4 ,  f a l l  
h e a v i l y  on p a r t i c u l a r  s e c t o r s ,  t h a t  i s ,  e l e c t o r a l  machinery and t r a n s -  
p o r t  equipment. T h i s  i s  due t o  t h e  combined e f f e c t s  o f  s i g n i f i c a n t  
p r i c e  decreases and t h e  h i g h  p r i c e  e l a s t i c i t y  o f  e x p o r t s  i n  these 
s e c t o r s .  
6.2 The case o f  r o b o t i z a t i o n  i n  t h e  US 
The n e x t  s i m u l a t i o n  r e p r e s e n t s  t h e  impacts o f  r o b o t i z a t i o n  i n  t h e  US 
on aggreag te  and s e c t o r a l  economy. I t i s  seen i n  t a b l e  4 - 1  t h a t  when 
d i s r e g a r d i n g  t h e  demand s i d e  e f f e c t s ,  t h e  e f f e c t s  on C N P  a r e  n e g a t i v e  
n o t  o n l y  i n  Japan and Korea b u t  a l s o  i n  t h e  US. These r e s u l t s  a r e  con-  
t r a r y  t o  those  o f  Japan, s i n c e  t h e  r o b o t i z a t i o n  i n  Japan has a  p o s i t i v e  
impacts on her  ovn CNP.  
The f o l l o v i n g  f o u r  f a c t o r s  a r e  r e s p o n s i b l e  f o r  these  c o n t r a s t i n g  
resu  l t s :  
1) P r i c e  decreases f rom r o b o t i z a t i o n  a r e  r e l a t i v e l y  s m a l l .  
2) The r e s u l t i n g  impacts on e x p o r t  expans ion  f r o m  p r i c e  r e d u c t i o n s  a r e  
weak. 
3) S e c t o r a l  i nves tments  a r e  l e s s  s e n s i t i v e  t o  inc reased  p r o f i t a b i l i t y  
4) Wage r a t e  response i s  l e s s  s e n s i t i v e  t o  t h e  l a b o r  market  c o n d i t i o n .  
The n e g a t i v e  impac ts  on economic g r o w t h  a r e  l a r g e r  i n  Japan than  i n  
Korea. T h i s  i s .  e x p l a i n e d  by the l a r g e r  impacts o f  decreased US i m p o r t s  
on t h e  Japanese e x p o r t s ,  e s p e c i a l l y  on her  machinery e x p o r t s .  And t h e  
p o s i t i v e  e f f e c t s  on Korean inves tment ,  which were d e r i v e d  f r o m  the  
cheaper impor ted  c a p i t a l  goods have p a r t i a l l y  o f f s e t  t h e  i n i t i a l  nega- 
t i v e  e f f e c t s .  
The t o t a l  sum o f  l a b o r  d isp lacements  i n  t h e  US a r e  37,000 i n  the.  f i r s t  
year ,  69,000 i n  t h e  second year  and 87,000 i n  the f i f t h  year .  W h i l e  
the  l a b o r  d i s p l a c e m e n t s  i n  Japan r e c o r d  the  peak i n  t h e  f o u r t h  year  and 
decreases a f t e r v a r d ,  t h e  e f f e c t  i n  the  US shows an i n c r e s i n g  t r e n d  and 
exceeds t h a t  i n  Japan. Regard ing  the  s e c t o r a l  d i s t r i b u t i o n  o f  l a b o r  
d isp lacements ,  magni tude o f  the  r o b o t i z e d  s e c t o r s  shows l i t t l e  d i f f e -  
rence  between t h e  US and Japan. The l a r g e r  l a b o r  d isp lacements  i n  t h e  
US a r e  due t o  t h e  s m a l l e r  compensat ing inc reases  i n  t h e  t e r t i a r y  i n d u s -  
t r y  employment. 
For  o u t p u t  p r i c e s ,  t h e  e f f e c t s  i n  t h e  US i n  t a b l e  4 - 3  a r e  n e g a t i v e  and 
comparable i n  s i z e  t o  those  i n  Japan f o r  genera l  machinery and p r e c i s i o n  
i n s t r u m e n t s .  The e f f e c t s  f o r  t h e ' e l e c t r i c a l  machinery and t r a n s p o r t  
equipment ,hovever ,  a r e  c o n s i d e r a b l y  l e s s  than  those i n  Japan. As a  
r e s u l t  o f  t h i s  and t h e  s m a l l  i n p a c t s  on wage r a t e s ,  t h e  t o t a l  e f f e c t s  on 
o u t p u t  p r i c e s  i n  t h e  n o n - r o b o t i z e d  s e c t o r s  a r e  q u i t e  s m a l l  as compared 
w i t h  those  i n  Japan. 
The impac ts  o n  f o r e i g n  t r a d e  i n  t h e  US, as seen i n  t a b l e  4 -4 ,  a r e  
more pronounced i n  t h e  i m p o r t  s u b s t i t u t i o n  t h a n  i n  t h e  e x p o r t  expan-  
s i o n .  F o r  example, a f t e r  5  years ,  t h e  e f f e c t s  f o r  e l e c t r i c a l  mach ine ry  
and t r a n s p o r t  e q u i p l e n t  a r e  0.06-0.08 p e r  c e n t  i n c r e a s e  i n  e x p o r t s  and 
0.4-0.5 p e r  c e n t  dec rease  i n  impor ts .  
I t  i s  c l e a r  i n  t a b l e s  4 - 1  t o  4 - 4  t h a t  t h e  demand s i d e  e f f e c t s  o f  r o b o t  
i nves tment ,  p a r t i a l l y  o r  f u l l y  compensates f o r  t h e  n e g a t i v e  impac ts  t h e y  
have on key economic v a r i a b l e s  i n  t h e  US. The impac ts  on economic 
g r o w t h  becomes p o s i t i v e ,  and t h e  l a b o r  d i s p l a c e n e n t s  i n  t h e  f i r s t  y e a r  
a r e  reduced by around 20 thousand jobs .  I n  t h e  f i f t h  year ,  however, due 
t o  t h e  d e c l i n i n g  demand s i d e  e f f e c t s ,  l a b o r  d i s p l a c e m e n t s  as a whole,  
d i f f e r  I i t t l e  f r o m  those  i n  t h e  case  where demand s i d e  e f f e c t s  a r e  
d i s r e g a r d e d .  
6.3 The case  o f  r o b o t i z a t i o n  i n  Korea 
The impac ts  o f  r o b o t i z a t i o n  i n  Korea a r e  summarized i n  t a b l e s  5 - 1  t o  
5 - 2 .  The i n t e r n a t i o n a l  impac ts  a r e  c o n s i d e r a b l y  s m a l l  a s  a n t i c i p a t e d  by 
t a k i n g  i n t o  a c c o u n t  h e r  r e l a t i v e  s i z e  i n  t h e  w o r l d  economy. 
For  t h e  d o m e s t i c  impacts ,  t h e , e f f e c t s  on C N P  g r o w t h  i n  Korea a r e  p o s i  - 
t i v e  a s  i s  t h e  case  i n  Japan. The mechanism i s  t h a t  t h e  i n c r e a s e d  p r o -  
d u c t i v i t y  by r o b o t i z a t i o n  tends  t o  depress  o u t p u t  p r i c e s ,  wh ich  i n  t u r n  
expand e x p o r t s  and encourage domes t i c  i nves tments .  Bu t  t h e  p o s i t i v e  
impac ts  on Korean economy tends  t o  s p i l l  o v e r  t o  o t h e r  c o u n t r i e s ,  espe-  
c i a l  l y  Japan wh ich  i s  a  m a j o r  e x p o r t e r  o f  c a p i  t a l  goods t o  Korea. 
For  employnent ,  t h e  n e t  e f f e c t s  o f  r o b o t i z a t i o n  a r e  9,900 j o b  d e c r e a -  
ses i n  t h e  f i r s t  y e a r  and 6,200 j o b  dec reases  i n  t h e  f i f t h  y e a r .  I n  t h e  
r o b o t i z e d  s e c t o r s ,  t h e  f i g u r e s  a r e  10,200 and 9,600 r e s p e c t i v e l y .  Thus 
i n  t h e  f i f t h  y e a r ,  abou t  o n e - t h i r d  o f  t h e  j o b  l o s s e s  i n  t h e  r o b o t i z e d  
s e c t o r s  a r e  absorbed by t h e  j o b  i n c r e a s e s  i n  the  n o n - r o b o t i z e d  s e c t o r s .  
The e f f e c t s  on o u t p u t  p r i c e s  a r e  r a t h e r  smal l ,because the  wage c o s t  
share  i n  t h e  p r o d u c t i o n  c o s t  i s  n o t  as  h i g h  i n  Korea as they  a r e  i n  
Japan o r  t h e  US. As a r e s u l t ,  t h e  p o s i t i v e  impact  on e x p o r t s  t h r o u g h  
p r i c e  e f f e c t  becomes l i m i t e d .  
6.4 A compar ison o f  t h e  impac ts  on Korea o f  r o b o t i z a t i o n  i n  Japan and 
t h e  US 
Korea, wh ich  i s  one o f  t h e  NICs, has a c l o s e  economic t i e  w i t h  Japan 
and t h e  US t h r o u g h  i n t e r n a t i o n a l  t r a d e .  I t  i s  i n t e r e s t i n g  t o  compare 
the  impact  on t h e  Korean economy due t o  t h e  r o b o t i z a t  i o n  o f  these two 
c o u n t r i e s .  
Tab le  6 - 1  p r e s e n t s  a compar ison o f  t h e  macroeconomic impacts o f  
r o b o t i z a t i o n .  D i s r e g a r d i n g  demand s i d e  e f f e c t s ,  t h e  impac ts  on economic 
g rowth  i n  Korea a r e  n e g a t i v e  f o r  b o t h  c o u n t r i e s  i n  t h e  f i r s t  two y e a r s .  
However, f rom the  t h i r d  year  onwards, t h e  e f f e c t s  o f  Japan become p o s i -  
t i v e ,  w h i l e  those  o f  t h e  US c o n t i n u e  t o  be n e g a t i v e  w i t h  an i n c r e a s i n g  
t r e n d .  
The d i f f e r e n c e s  i n  t h e  impac ts  o f  two c o u n t r i e s  emerge f o r  t h e  f o l  l o -  
wing reasons: f i r s t ,  t h e  e f f e c t s  o f  Japan a r e  g rowth -p romot ing ,  whereas 
those o f  t h e  US a r e  d e f l a t i o n a r y  i n  na tu re ;  second, t h e  l a r g e r  impac ts  
on o u t p u t  p r i c e s  i n  Japan c o n t r i b u t e  t o  lower  the p r i c e  o f  c a p i t a l  goods 
i n  Korea and l e a d  t o  a l a r g e r  inves tment .  
I n  the  f i f t h  year ,  t h e  decreases i n  investment  d e f l a t o r  i n  Korea a r e  
0 .37  per  c e n t  p o i n t  i n  the  case o f  Japan and 0.13 p e r  c e n t  p o i n t  i n  t h e  
US. The r e s u l t i n g  inves tment  i n c r e a s e s  a r e  11.1 b i l l i o n  wons i n  1980 
p r i c e s  i n  t h e  case o f  Japan and 3 . 0 1  b i l l i o n  wons i n  t h e  case o f  t h e  US. 
Comparing the  case o f  S - 1  w i t h  t h a t  o f  S - 2 ,  we see t h a t  t h e  demand 
s i d e  e f f c t s  o f  r o b o t  inves tments  promote economic g rowth  i n  Korea. And 
t h e  e f f e c t s  o f  t h e  US exceed those  o f  Japan i n  t h e  f i r s t  and second 
year ,  b u t  f rom t h e  t h i r d  y e a r ,  t h e  r e l a t i v e  magni tudes o f  macro e f f e c t s  
a r e  reversed .  The l a r g e r  s h o r t - r u n  e f f e c t s  on Korea f rom t h e  r o b o t i -  
z a t i o n  i n  t h e  US a r e  genera ted  by t h e  h i g h e r  p r o p e n s i t y  t o  i m p o r t s  i n  
t h e  US, wh ich  tends  t o  i n c r e a s e  Korean e x p o r t s  t o  t h e  US. 
7. C o n c l u d i n g  Remarks 
The purpose o f  t h i s  paper i s  t o  e v a l u a t e  t h e  p r o b a b l e ,  g l o b a l  impac t  
o f  r o b o t i z a t i o n  on t h e  macro and s e c t o r a l  economies, u s i n g  a  w o r l d  model 
o f  i n d u s t r y  and t r a d e .  We f i n d  t h a t  r o b o t i z a t i o n  i n  Japan and Korea 
has a  p o s i t i v e  impact  on t h e i r  economic g rowth ,  w h i l e  r o b o t i z a t i o n  i n  
t h e  US has a  n e g a t i v e  a f f e c t  on her  own kconomic g rowth .  We a l s o  f i n d  
t h a t  t h e  i n t e r n a t i o n a l  impacts o f  r o b o t i z a t i o n  i n  Japan, a r e  n e g a t i v e  
on t h e  U S ,  b u t  p o s i t i v e  on t h e  Korean economy. 
Of course,  t h e s e  f i n d i n g s  from t h e  s i m u l a t i o n  e x p e r i m e n t s  depend on 
t h e  s t r u c t u r e  o f  t h e  g l o b a l  model we use, a s  we1 I a s  on t h e  assumpt ions 
made f o r  t h e  s i m u l a t i o n .  We f o c u s  o u r  a t t e n t i o n  on t h e  r o b o t i z a t i o n  i n  
t h e  machinery i n d u s t r y ,  i n  which Japan has a  compara t i ve  advantage o v e r  
t h e  US and t h e  NICs. We a r e  n o t  concerned w i  t h  r o b o t i z a t i o n  i n  i n d u s -  
t r i e s  such a s  t e x t i l e  p r o d u c t s  where t h e  NlCs has a  c o m p a r a t i v e  advan-  
tage over  developed c o u n t r i e s .  S i n c e  exchange r a t e  v a r i a b l e s  a r e  
exogenous i n  t h e  c u r r e n t  v e r s i o n  o f  t h e  model, t h e  impacts t h r o u g h  
exchange r a t e  changes a r e  n e g l e c t e d .  
I n  c o n c l u s i o n ,  c o n t i n u e d  e f f o r t s  s h o u l d  be made f o r  improv ing  t h e  
whole model system, and f o r  examin ing  a l t e r n a t i v e  cases i n  s i m u l a t i o n  
s t u d i e s .  
Note: 
1) L e o n t i e f  W. and F. Duchin a n a l y s e  the  impacts o f  a u t o m a t i o n  i n c l u d i n g  
r o b o t s  on workers  f o r  t h e  US economy. See Leon te f  W .  and F. Duchin 
(1986). 
2) T h i s  model was o r i g i n a l l y  developed a t  t h e  Economic Research I n s t i -  
t u t e  o f  Economic P l a n n i n g  Agency i n  Japan, and a p p l i e d  t o  measure 
s e c t o r a l l y  and g l o b a l l y  t h e  e f f e c t s  o f  p r o t e c t i o n i s m  and o t h e r  changes 
i n  i n t e r n a t i o n a l  economic c o n d i t i o n s .  See K i n o s h i t a  S., e t  a1.(1982) 
and K i n o s h i t a  S.(1983). 
3 )  The c u r r e n t  v e r s i o n  o f  t h e  n a t i o n a l  model c o n t a i n s  about  470 equa- 
t i o n s  f o r  Japan, 360 f o r  t h e  US and 350 f o r  Korea. 
4) See M o r i g u c h i  C.(1973). 
5) See J  I  RA(1985). 
6 )  See J  I  RA(1985). 
7 )  See K i n o s h i t a  S.,et a1.(1987). 
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Table 3-1 Impacts on Macro Economy (SI: Robotization i n  Japan) 
Uni t :  X 
S I - l  S1-2 
Pe r i od1  Pe r i od5  P e r i o d 1  P e r i o d 5  
Real GNP 
i n  Japan 0.02023 0.37454 0.16357 0.36157 
i n  USA -0.00399 -0.03175 -0.00373 -0.03015 
i n  Korea -0.00495 0.00853 0.00514 0.01401 
Nominal GNP 
i n  Japan -0.1 1831 -0.63053 - 0.06367 -0.57934 
i n  USA -0.00017 -0.02985 0.00045 -0.02871 
i n  Korea -0.02190 -0.12473 -0.02460 -0.11234 
Consumption 
i n Japan 0.00686 0.15176 0.05504 0.16539 
i n  USA 0.00068 0.01740 0.00133 0.01791 
i n  Korea -0.00012 0.01293 0.00236 0.01894 
Hous I ng l nvestment 
i n  Japan -0.1 2008 0.28680 0.0000 1 0.28766 
i n  USA 0.00558 0.07257 0.00919 0.07325 
i n  Korea -0.00071 0.03139 0.01183 0.04150 
Bus i ness l nvestment 
i n  Japan 0.09522 0.95958 0.92503 0.88230 
i n  USA -0.00282 -0.03279 -0.00257 -0.03218 
i n  Korea 0.00862 0.11591 0.02869 0.11927 
Export 
i n  .lapan 0.07132 0.74230 0.10946 0.71651 
i n  USA -0.01683 -0.06254 -0.01183 -0.05284 
i n  Korea -0.03130 -0.06536 -0.00406 -0.05648 
l mport 
i n  Japan -0.00584 0.03220 0.13731 0.06275 
i n  USA 0.02257 0.30009 0.03072 0.29828 
i n  Korea -0.00015 0.04120 0.01428 0.04651 
Employment 
i n  Japan -0.07467 -0.12189 -0.04800 -0.11182 
i n  USA -0.00100 -0.00161 -0.00084 -0.00051 
i n  Korea 0.00205 0.02480 0.00650 0.02814 
Rate o f  Unemployment 
~n Japan 0.24543 0.33396 0.15775 0.35164 
i n  USA 0.02669 0.18568 0.02627 0.17548 
i n  Korea 0.00499 -0.02009 -0.00518 -0.02462 
GNP Def lator 
i n  .lapan -0.13851 -1.00132 -0.22688 -0.93752 
i n  USA 0.00383 0.00206 0.00418 0.00143 
i n  Korea -0.01695 -0.13245 -0.02974 -0.12634 
Wage Rate 
i n  Japan -0.06307 -0.70312 -0.07498 -0.63126 
i n  USA -0.00120 -0.03769 -0.00154 -0.03681 
i n  Korea -0.02381 -0.16571 -0.03349 -0.15757 
Note: S1-1 disregards demand side e f fec ts .  and S1-2 includes both e f f ec t s  o f  robot 
investment. 
Table 3-2  E f f e c t s  on Employment (S1: Robot izat ion i n  Japan ) 
Employment i n Japan 
1 Agri . , f o res t r y , f i sh ing  
2 Mining 
3 Food?bevarage,tobacoo 
4 Text1 les  
5 Apparels 
6 Leather prod. ,footwear 
7 Wooden Prod,furni  t u re  
8 Paper & pu lp ,p r i n t i ng  
9 Rubber & p l a s t i c s  
10 Chemicals 
11 Petroleum & coal  prod. 
12 Non-metal i c  mineral p r  
13 I ron  & s t e e l  product 
14 Non-ferrous metals 
15 Fabr icated metal prod. 
16 Machinery ex. e l e c t .  
17 E l e c t r i c a l  machinery 
18 Transport equipment 
19 Prec is ion  instruments 
20 Miscellaneous Manuf. 
0.005 
od. 0.115 
0.036 
0.033 
0.063 
-10.837 
-10.265 
-12.358 
-5.019 
0.059 
21 T e r t i a r y  Indust ry  0.193 14.162 
Uni t :  thousand persons 
S1-2 
Period 1 Per iod 5 
3.684 6.674 
l ndustry t o t a l  -36.900 -62.291 -23.721 -57.145 
Table 3-3 Effects on Output Pr ice and Investment (S1: Robotization i n  Japan) 
Uni t :  X 
Output Price i n  Japan S1-1 SI -2 
P e r i o d 1  P e r i o d 5  Period 1 Period 5 
1 Agr i . , forest ry , f ish ing -0.07365 -0.58454 -0.13103 -0.54771 
2 Mining -0.09963 -0.67421 -0.15518 -0.63375 
3 Food ,bevarage, tobacoo -0.06242 -0.63147 -0.12130 -0.59488 
4 Text i les  -0.05164 -0.42623 -0.09609 -0.39324 
5 Apparels -0.04909 -0.46159 -0.09058 -0.41254 
6 Leather prod. ,footwear -0.05961 -0.65006 -0.1 1920 -0.60168 
7 Wooden Prod,furni ture -0.06355 -0.54100 -0.11867 -0.50475 
8 Paper & pulp,pr in t ing -0.07793 -0.66299 -0.15081 -0.61699 
9 Rubber & p las t i cs  -0.05850 -0.52149 -0.11515 -0.48485 
10 Chemicals -0.05596 -0.47977 -0.10872 -0.44574 
1 1  Petroleum & coal prod. 
12 Non-metal i c  mineral p 
13 I ron & stee l  product 
1 4  Non-ferrous metals 
15 Fabricated metal prod. 
16 Machinery ex. e lec t .  
17 Elec t r i ca l  machinery 
18 Transport equipment 
19 Precision instruments 
20 Miscellaneous Manuf. 
-0.051 18 
rod. -0.07305 
-0.04594 
-0.03787 , 
-0.05621 
-0.23841 
-0.26149 
-0.46800 
-0.61287 
-0.07645 
21 Ter t iary  Industry -0.08146 -0.76884 -0.16318 -0.71432 
Business Investment i n  Japan 
1 Agr i . , forest ry , f ish ing 
2 Mining 
3 Food,bevarage,tobacoo 
4 Text i les  
5 Apparels 
6 Leather prod.,footwear 
7 Wooden Prod,furni ture 
8 Paper & pulp,pr in t ing 
9 Rubber & p las t i cs  
10 Chemicals 
SI-  
Period 1 
0.00139 
0.00000 
- 0.03772 
0.15441 
0.03125 
0.04009 
-0.19092 
0.00583 
-0.16538 
0.00631 
I 1  Petroleum & coal prod. 
12 Non-metal i c  mineral pr 
13 l ron & stee l  product 
14 Non-ferrous metals 
15 Fabricated metal prod. 
16 Machinery ex. e lect .  
17 Elec t r i ca l  machinery 
18 Transport equipment 
19 Precision instruments 
20 Miscellaneous Manuf. 
0.05316 
od. 0.01456 
- 0.03570 
0.14262 
0.0182 
0.53908 
0.18967 
0.29968 
0.52652 
0.09824 
I 
Period 5 
0.04714 
0.00000 
0.08943 
1.86747 
0.53687 
0.54051 
1 .21076 
0.17096 
0.63519 
0.40058 
Period I 
0.01184 
0.00000 
0.00094 
0.45129 
0.10274 
0.10700 
0.21114 
0.05827 
-0.11450 
0.03591 
S1-2 
Period 5 
0.06022 
0.00000 
0.11338 
1.62519 
0.49232 
0.53939 
1.00402 
0.20101 
0.61417 
0.41246 
21 Ter t iary  Industry 0.11274 1.14197 0.31482 1.09544 
Table 3-4 E f f e c t s  on Foreign Trade (Sl: Robot izat ion i n  Japan) 
Un i t :  % 
Real Export i n  Japan SI-1 Sl-2 
P e r i o d 1  P e r i o d 5  Period 1 Period 5 
1 Agri . , f o res t r y , f i sh ing  0.02238 0.35554 0.04250 0.34073 
2 Mining 0.08684 1.28767 0.14555 1.28441 
3 Food,bevarage,tobacoo 0.04095 0.55249 0.08514 0.52699 
4 Tex t i l es  0.00065 0.01388 0.00483 0.01 137 
5 Apparels 0.09040 1 .I9008 0.17278 1.08112 
6 Leather prod.,footwear 0.00281 0.02556 0.00826 0.02401 
7 Wooden Prod, furn i  t u r e  0.02373 0.35122 0.04920 0.33901 
8 Paper & pu lp ,p r i n t i ng  -0.00048 0.03259 0.00793 0.02990 
9 Rubber & p l a s t i c s  0.01174 0.18305 0.02801 0.17056 
10 Chemicals 0.00726 0.16897 0.02729 0.16568 
1 1  Petroleum & coal  prod. 
12 Non-metalic mineral pro 
13 I r on  & s t e e l  product 
14 Non-ferrous metals 
15 Fabricated metal prod. 
16 Machinery ex. e l e c t .  
17 E l e c t r i c a l  machinery 
18 Transport equipment 
19 Prec is ion  instruments 
20 Miscellaneous Manuf. 
Real Import i n  Japan 
1 Agri . , f o res t r y , f  i sh ing  
2 Mining 
3 Food, bevarage, tobacoo 
4 Tex t i l es  
5 Apparels 
6 Leather prod.,footwear 
7 Wooden Prod,furni  t u re  
8 Paper & pu lp ,p r i n t i ng  
9 Rubber & p l a s t i c s  
10 Chemicals 
1 1  Petroleum & coal  prod. 
12 Non-metalic mineral prod. 
13 l ron & s t e e l  product 
14 Non-ferrous metals 
15 Fabricated metal prod. 
16 Machinery ex. e l e c t .  
17 E l e c t r i c a l  machinery 
18 Transport equipment 
19 Prec is ion  instruments 
20 Miscellaneous Manuf. 
Sl-1 
Period 1 Period 5 
0.00261 0.07827 
0.00181 -0.00592 
-0.00929 0.04349 
-0.01656 0.22084 
0.01464 -0.03616 
-0.01710 -0.39888 
0.03410 0.93653 
-0.04343 -0.47898 
0.02338 -0.26348 
-0.01922 0.00001 
0.01443 0.13896 
-0.10986 -1.13712 
-0.00400 -0.18255 
0.03636 0.44273 
0.00870 -0.08032 
-0.10189 -0.4161 1 
-0.12953 -0.3191 1 
-0.26121 -0.50588 
0.15613 0.42049 
0.03764 0.49937 
Period 1 
0.02249 
0.15842 
0.05813 
0.08283 
0.11493 
-0.00771 
0.35482 
-0.02638 
0.18110 
0.10224 
0.10635 
-0.13643 
0.06960 
0.20664 
0.13955 
-0.04344 
0.07527 
0.04808 
0.36524 
0.26472 
Sl-2 
Period 5 
0.091 18 
- 0.00399 
0.08307 
0.33253 
-0.02561 
-0.35343 
0.99134 
-0.43242 
-0.15492 
0.02631 
0.14652 
- 1.01853 
-0.12945 
0.45841 
-0.04134 
-0.39277 
- 0.25732 
-0.48856 
0.47292 
0.51996 
Table 4-1 Impacts on Macro Economy ( S2: Robot iza t ion  
S2- I 
Period I P e r i o d 5  
Real CNP 
i n  Japan -0.00223 -0.03369 
i n  USA -0.00257 -0.00418 
i n  Korea -0.00178 -0.01411 
Nominal CNP 
i n  Japan -0.00146 -0.02173 
i n  USA -0.05700 -0.19607 
i n  Korea -0.00721 -0.05147 
Consumption 
i n  Japan -0.00024 -0.01141 
i n  USA -0.00328 -0.02296 
i n Korea -0.00016 -0.00440 
Housi ng l nvestment 
i n  Japan -0.00196 -0.04879 
i n  USA -0.07557 -0.12517 
i n  Korea -0.00087 -0.01517 
Business Investment 
i n  Japan -0.00290 -0.05356 
i n  USA 0.00531 0.03700 
i n  Korea 0.00348 0.01318 
Export 
i n  Japan -0.01122 -0.10859 
i n  USA 0.01186 0.06009 
i n Korea -0.01001 -0.05938 
l mpor t 
i n  Japan 0.00001 -0.01748 
i n  USA -0.00814 -0.04210 
i n  Korea 0.00035 -0.01235 
Employment 
i n  Japan -0.00047 -0.00953 
i n  USA -0.03752 -0.08497 
i n Korea 0.00009 -0.00013 
Rate of  Uriemployment 
i n  Japan 0.00155 0.02609 
i n  USA 0.08019 0.12620 
i n  Korea 0.00180 0.00743 
CNP Def l a t o r  
i n  Japan 0.00077 0.01196 
i n  USA -0.05442 -0.19191 
i n  Korea -0.00543 -0.03737 
Wage Rate 
i n  Japan -0.00030 -0.00751 
i n  USA -0.01608 -0.09943 
i n  Korea -0.00726 -0.04986 
i n  USA ) 
Uni t :  X 
S2-2 
Period I P e r i o d 5  
Note: S2-1 disregards demand s ide e f f ec t s ,  and S2-2 includes both e f f e c t s  o f  robot 
i nvestment 
Table 4-2 Ef fec t s  on Employment ( S2: Robot iza t ion  i n  USA ) 
Employment i n  USA 
1 Agri . , fo res t ry , f  i sh ing  
2 Mining 
3 Food,bevarage,tobacoo 
4 Tex t i l es  
5 Apparels 
6 Leather prod., foo h e a r  
7 Wooden Prod, furn i tu re  
8 Paper & pu lp ,p r i n t i ng  
9 Rubber & p l a s t i c s  
10 Chemicals 
11 Petroleum & coal  prod. 
12 Non-metalic mineral prod. 
13 l ron & s t e e l  product 
14 Non-ferrous metals 
15 Fabricated metal prod. 
16 Machinery ex. e l e c t .  
17 E l e c t r i c a l  machinery 
18 Transport Equipment 
19 Prec is ion  instruments 
20 Miscellaneous Manuf. 
Un i t :  10 thousand persons 
S2-2 
P e r i o d 1  P e r i o d 5  
-0.005 -0.014 
-0 .OOO -0.006 
0.001 0.026 
0.007 0.059 
0.018 0.033 
-0.003 -0.004 
0.027 -0.000 
0.001 -0.048 
0.023 0.028 
0.007 -0.004 
21 Ter t i a r y  Industry 0.358 0.690 1.344 1.230 
l ndustry t o t a l  -3.666 -8.662 -1.689 -8.246 
Table 4-3 E f f e c t s  on Output P r i c e  and Investment ( S2: Robot iza t ion  
Output P r i c e  i n  USA 
1 Agr i . , f o res t r y , f i sh ing  
2 Mining 
3 Food,bevarage,tobacoo 
4 Tex t i l es  
5 Apparels 
6 Leather prod.,footwear 
7 Wooden Prod,furni  t u re  
8 Paper & pu lp ,p r i n t i ng  
9 Rubber & p l a s t i c s  
10 Chemicals 
S2- 1 
Period 1 Period 5 
-0.01944 -0.06411 
-0.01874 -0.06678 
-0.02132 -0.07087 
-0.01266 -0.02358 
-0.00957 -0.03503 
-0.02772 -0.08925 
-0.01852 -0.06095 
-0.03211 -0.11304 
-0.01777 -0.07400 
-0.01313 -0.06449 
11 Petroleum & coal prod. - 0.02039 
12 Non-metal i c  mineral prod. -0.03051 
13 I ron  & s t e e l  product -0.02423 
14 Non-ferrous met,als -0.01706 
15 Fabricated metal prod. -0.03091 
16 Machinery ex. e l e c t .  -0.24417 
17 E l e c t r i c a l  machinery -0.07201 
18 Transport equ i pment - 0.05840 
19 Prec is ion  instruments -0.30539 
20 Miscellaneous Manuf. - 0.02679 
Period 1 
-0.02419 
-0.02178 
-0.02707 
-0.01900 
-0.01201 
-0.03295 
-0.02363 
-0.04093 
-0.02285 
-0.01656 
21 T e r t i a r y  Indust ry  -0.04470 -0.13079 -0.05768 
Business Investment i n  USA 
1 Agr i . , f o res t r y , f i sh ing  
2 Mining 
3 Food, bevarage, tobacoo 
4 Tex t i l es  
5 Apparels 
6 Leather prod. ,footwear 
7 Wooden Prod , f u rn i  t u re  
8 Paper & p u l p , p r i n t i n g  
9 Rubber & p l a s t i c s  
10 Chemicals 
11 Petroleum & coal  prod. 
12 Non-metal i c  mineral prod 
13 l r on  & s tee l  product 
14 Non-ferrous metals 
15 Fabricaied metal prod. 
16 Machinery ex. e l ec t .  
17 E l e c t r i c a l  machinery 
18 Transport equipment 
19 Prec is ion  instruments 
20 Miscellaneous Manuf. 
21 Ter t i a r y  Industry 
Period 1 
0.02484 
0.00024 
0.00263 
0.00734 
-0.01796 
-0.08722 
0.08811 
0.04868 
0.15536 
0.27020 
i n USA ) 
Un i t :  X 
S2-2 
Period 5 
-0.04516 
- 0.05233 
-0.04889 
-0.00712 
-0.02534 
-0.05643 
-0.04373 
-0.08277 
- 0.05506 
-0.04883 
-0.08242 
S2-2 
Period 5 
0.49616 
0.37066 
-0.05328 
-0.03727 
0.03856 
-0.02287 
- 0.23323 
-0.08951 
0.02136 
-0.30430 
Tab le4 -4  E f f e c t s o n  Fore ignTrade ( S 2 :  Robot izat ion i n U S A )  
Real Export i n  USA 
I Agri . , f o res t r y , f i sh ing  
2 Mining 
3 Food,bevarage,tobacoo 
4 Tex t i l es  
5 Apparels 
6 Leather prod.,footvear 
7 Wooden Prod,furni  t u r e  
8 Paper & pu lp ,p r i n t i ng  
9 Rubber & p l a s t i c s  
10 Chemicals 
11 Petroleum & coal  prod. 
12 Non-metal i c  mineral prod. 
13 l r on  & s tee l  product 
14 Non-ferrous metals 
15 Fabricated metal prod. 
16 Machinery ex. e l e c t .  
17 E l e c t r i c a l  machinery 
18 Transport equ i pment 
19 Prec is ion  instruments 
20 Miscellaneous Manuf. 
S2- 1 
Period 1 Period 5 
0.00144 -0.00281 
-0.00380 -0.01790 
0.00267 -0.00826 
0.00910 -0.00494 
-0.00166 -0.03708 
0.00818 -0.02157 
-0.00357 -0.05432 
-0.00066 -0.03368 
-0.00179 -0.03612 
-0.00790 -0.04719 
Period 1 
0.00552 
0.00709 
0.01000 
0.0225 1 
0.00790 
0.02800 
0.01477 
0.00612 
0.00810 
0.00082 
I r idustry t o t a l  0.01472 0.06477 0.02077 
Real Import i n  USA 
1 Agri . , f o res t r y , f i sh ing  
2 Wining 
3 Food,bevarage,tobacoo 
4 Tex t i l es  
5 Apparels 
6 Leather prod., footvear 
7 Wooden Prod, furn i tu re  
8 Paper & pu lp ,p r i n t i ng  
9 Rubber & p l a s t i c s  
10 Chemicals 
11 Petroleum & coal  prod. 
12 Non-metalic mineral prod. 
13 l r on  & s tee l  product 
14 Non-ferrous metals 
15 Fabricated metal prod. 
16 Machinery ex. e l e c t .  
17 E l e c t r i c a l  machinery 
18 Transport equ i pment 
19 Prec is ion  instruments 
20 Miscellaneous Manuf. 
Industry t o t a l  
S2 
Period 1 
-0.01144 
0.00006 
-0.02837 
- 0.03889 
-0.04149 
- 0.06260 
-0.03453 
-0.03158 
- 0.00772 
-0.01254 
- 1 
Period 5 
-0.05209 
0.10529 
-0.10370 
-0.11839 
-0.35698 
-0.22056 
-0.14123 
-0.12601 
-0.03259 
-0.05626 
Period 1 
-0.00563 
0.00123 
-0.01988 
-0.01209 
-0.04192 
-0.18762 
0.17109 
0.01648 
0.14336 
0.07769 
n i t :  X 
52-2 
Period 5 
-0.00128 
-0.01462 
-0.00431 
-0.00904 
-0.01733 
-0.02046 
-0.02477 
-0.03641 
-0.02336 
-0.04071 
S2-2 
Period 5 
-0.04403 
-0.15773 
-0.08618 
- 0.08022 
- 0.33869 
-0.31826 
- 0.09382 
-0.10884 
0.02455 
-0.03881 
-0.04908 
-0.10919 
- 0.05038 
0.07153 
-0.02428 
0.04631 
-0.32507 
-0.32759 
4.57997 
0.14214 
-0.00081 
Table 5-1 Impacts on Macro Economy ( S3 : Robot i za t i onn  Korea ) 
Uni t :  % 
P e r i o d 1  P e r i o d 5  
Real CNP 
i n  Japan 0.00003 0.00071 
i n  USA -0.00008 -0.00024 
i n  Korea 0.02699 0.07222 
Nominal CNP 
i n  Japan -0.00009 -0.00006 
i n  USA 0.00001 -0.00023 
i n Korea -0.03730 -0.02203 
Consumption 
i n  Japan 0.00007 0.00050 
i n  USA 0.00003 0.00017 
i n  Korea -0.00496 0.02306 
Housi ng l nvest,ment 
i n  Japan -0.00004 0.00136 
i n  USA 0.00017 0.00063 
i n Korea -0.02552 0.06700 
Bus i ness l nves tment 
i n  Japan 0.00008 0.00139 
i n  USA -0.00009 -0.00033 
i n  Korea 0.07927 0.13284 
Export 
i n  Japan 0.00106 0.00259 
i n  USA -0.00024 -0.00047 
i n  Korea 0.05552 0.10245 
l mport 
i n  Japan 0.00094 0.00203 
i n  USA 0.00057 0.00246 
i n  Korea 0.01530 0.05074 
Employment 
i n  Japan -0.00001 0.00016 
i n  USA -0.00005 -0.00000 
i n  Korea -0.07172 -0.04267 
Rate o f  Unemployment 
i n  Japan 0.00003 -0.00044 
i n  USA 0.00056 0.00130 
i n  Korea -0.02718 -0.03914 
CNP De f l a to r  
i n  Japan -0.00012 -0.00077 
i n  USA 0.00009 0.00002 
i n  Korea -0.06427 -0.09419 
Wage Rate 
i n  Japan -0.00007 -0.00035 
i n  USA -0.00004 -0.00033 
i n  Korea -0.02777 -0.04984 
Table 5-2 E f f e c t s  on Sectoral Economies ( S3 : Roba ~ t i z a t i o n  i n  Korea ) 
Employment i n  Korea 
(Uni t: thousand persons) 
Period I P e r i o d 5  
1 Agri . , f o res t r y , f i sh ing  0.534 1.040 
2 Mining 0.005 -0.037 
3 Food, bevarage, tobacoo -0.003 0.048 
4 T e x t i l e s  0.072 0.252 
5 Apparels 0.009 0.094 
6 Leather prod.,footwear -0.001 0.025 
7 Wooden Prod, f u r n i  t u re  0.021 0.038 
8 Paper & pu lp ,p r i n t i ng  0.017 0.042 
9 Rubber & p l a s t i c s  0.042 0.109 
10 Chemicals 0.020 0.060 
1 1  P~t.roleum & coal  prod. 0.002 0.003 
12 Non-metalic mineral prod. 0.016 0.037 
13 I ron  & st.eel product 0.034 0.050 
14 Nnn-ferrous metals 0.013 0.022 
15 Fabricated met,al prod. 0.033 0.057 
16 Yachinery ex. e l e c t .  -2.212 -2.211 
17 E l e c t r i c a l  machinery -2.377 -2.287 
18 Transport equipment -2.401 -1.956 
19 P r e c i s ~ o n  ins t r r~ments  -1.243 -1.239 
20 Miscellaneous Manuf. 0.058 0.07 1 
21 Ter t i a r y  Industry 0.240 1.915 
l ndustry t o t a l  - 9.883 -6.243 
1 Agr t . , fo res t ry , f i sh ing 
2 Mining 
3 Food, bevarage, tobacoo 
4 Tex t i l es  
5 Apparels 
6 Leather prod. ,foot.wear 
7 Wooden Prod,furni  t u re  
8 Paper & pu lp ,p r i n t i ng  
9 Rubber & p l a s t i c s  
10 Chemicals 
1 1  Petroleum & coal  prod. 
12 Non-metal i c  mineral prod. 
13 I ron  & s tee l  product 
I4 Non-ferrous metals 
15 Fabricated metal prod. 
16 Machinery ex. e l e c t .  
17 E l e c t r ~ c a l  machinery 
18 Transport eqrl i pment 
19 Prec is ion  instruments 
20 Miscellaneous Manuf. 
Real Export i n  Korea 
Period 1 Period 5 
0.0091 1 0.10015 
0.00180 0.00315 
0.00683 0.03628 
0.01926 0.04987 
0.03730 0.13128 
0.00219 0.02599 
0.02821 0.04735 
0.00982 0.03397 
0.01131 0.04100 
0.02476 0.10250 
-0.00271 -0.00691 
0.02372 0.03937 
0.04464 0.13204 
0.02544 0.02594 
0.06550 0.07532 
0.15211 0.18051 
0.01281 0.03517 
0.26467 0.34151 
-0.00038 0.00316 
0.30501 0.18764 
Output P r i ce  i n  Korea 
(Uni t :  X )  
Period 1 Period 5 
-0.00918 -0.02188 
-0.01738 -0.03950 
-0.01329 -0.03336 
-0.02827 -0.0fi210 
-0.03218 -0.06915 
-0.01007 -0.04525 
-0.02266 -0.041 12 
-0,03217 -0.05298 
-0.03445 -0.06147 
-0.03197 -0.05192 
0.004R2 0.00614 
-0.03670 -0.05313 
-0.03949 -0.05394 
-0.03724 -0.04716 
-0.07069 -0.12195 
-0.82718 -0.67544 
-0.01671 -0.02388 
-0.08558 -0.12600 
-0.95062 -1.04424 
-0.04580 -0.09811 
-0.04103 -0.05768 
l in i  t,: X; 
Real Import i n  Korea 
Period 1 Period 5 
-0.00035 0.0200l 
0.03882 0.05941 
-0.00445 0.05765 
-0.03460 -0.08310 
-0.00404 0.02884 
-0.02444 -0.02658 
0.01072 0.03103 
-0.00025 0.01828 
0.03029 0.06694 
0.02174 0.05603 
0.08199 0.14604 
0.02051 0.06718 
0.02539 0.03783 
0.06838 0.10046 
0.00301 0.04114 
-0.09163 -0.01493 
0.05903 0.08825 
0.03482 0.07003 
0.0fi367 0.10287 
0.34574 0.51560 
Table 6 - 1  Impacts o f  Robot iza t ion  i n  Japan and USA on Korean Economy 
S-1 S-2 
P e r i o d 1  P e r i o d 5  Per iod 1 P e r i o d 5  
Real CNP (10 m i l .  Won) 
E f f e c t  o f  Japan -1.976 3.778 2.074 6.683 
E f f e c t  o f  USA -0.702 -6.516 6.103 0.230 
Consumption (10 m i  I. Won) 
E f f e c t  o f  Japan -0.027 
E f f e c t  o f  USA - 0.039 
Housing Investment (10 m i  I. Won) 
E f f e c t  o f  Japan -0.016 
E f f e c t  o f  USA -0.019 
Business lnvestment (10 m i l .  Won) 
E f f e c t  o f  Japan 0.691 
E f f e c t  o f  USA 0.281 
Export  (10 m i  I .  Won) 
E f f e c t  o f  Japan -3.696 
E f f e c t  o f  USA -1.171 
Import (10 m i l .  Won) 
E f f e c t  o f  Japan -0.018 
E f f e c t  o f  USA 0.058 
Emp l oymen t ( 1000 persons) 
E f f e c t  o f  Japan 0.285 
E f f e c t  o f  USA 0.014 
CNP D e f l a t o r  (1980=100) 
E f f e c t  o f  Japan -0.012 
E f f e c t  o f  USA -0.004 
lnvestment D e f l a t o r  (1980=100) 
E f f e c t  o f  .lapan -0.037 
E f f e c t  o f  USA -0.014 
Wage Rate (%) 
E f f e c t  o f  .Japan - 0.024 
E f f e c t  o f  USA -0.007 
Note: S-1 d is regards  demand s i d e  e f f e c t s ,  and S-2 inc ludes bo th  e f f e c y s  o f  r obo t  
i nvestment . 
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1. I BTRODUCT I ON 
The Computer Integrated Xanuf acturing (CIM) Project as a 
part of the Technology-Economy-Society (TES) Program at I IASA 
emerges from the idea that the choice by firms, industries, and 
governments of specific strategies to take advantage of CIH will 
depend on how well the relevant decision makers understand the 
mechanism through which CIH will benefit different firms and 
industries. The deeper the level of understanding, the more 
productive will their strategic choices be. 
This Vorking Paper aims at contributing to a better 
understanding of the mechanisms of ClX adoption in companies and 
enterprises. The dominating idea is that the probability of a 
successful adoption of CIX is to a great extent dependent on 
managerial forms and methods applied to different phases of CIM 
adoption, such as the planning phase, in which the strategic 
goals and prerequisites are specified, the implementation phase, 
where the proper organizational conditions for the adoption are 
created, and the daily operation, where the importance of social 
aspects is increasing. 
From prior studies we can find many examples supporting the 
idea of the high importance of managerial factors in CIW or FWS 
adopt i on. 
Willenborg I Willenborg, 19871 pointed out that not only 
financial and technical factors, but also organizational aspects 
impede the successful implementation of F E .  
Ranta CRanta. 19861 assumes that managerial and social 
factors (management practice, the managerial design process, 
training, etc.) are more immediate issues than purely technical 
questions when studying application possibilities. 
Bessant and Haywood [Bessant b Haywood. 19851 carried out 
interviews at 23 manufacturing engineering companies and 10 
suppliers of machine tools and software in the UK. Almost all of 
the firms interviewed for this study have stressed that one of 
the major consequences of planning and/or installing FWS has been 
a change in the management/organizational side of the company. 
This has had considerable implications for improvement 
strategies, shifting the emphasis away from technology per se, 
towards the way in which it is used. 
Our methodological approach is based on testing of 
alternative strategic, organizational and social hypotheses, 
taken from published sources, with the results acquired from the 
IIASA questionnaire database. The special comparison of the 
results such as centrally planned vs. mrket economies, large vs. 
small countries, different industry branches, Vestern Europe vs. 
USA vs. Japan, etc., allow us to develop some new conclusions and 
hypotheses. Generalized conclusions for different environmental. 
economic, cultural and other conditions will be drawn from the 
results of our investigation in its final stage. 
In the first stage of our research work the Finnish- 
Czechoslovakian pilot study, covering 9 F K  as a part of CIX, has 
been carried out. The data were compiled and computerized. The 
main purpose of this step was to conceive the hypotheses and to 
carry out a preliminary testing of some of them, due to the 
relatively small number of statistical data at that stage. The 
comparison is also limited to centrally planned vs. market 
economies. The results from this stage and the first conclusions 
present the substant ial part of this Working Paper. 
A further result from that stage was the final refinement of 
the questionnaire as a consequence of the experiences gained from 
the pilot study. The final version of the questionnaire is, of 
course, the result of many other previous steps of its 
development and improvement starting in the middle of 1987 at the 
IIASA CIM project workshop in Ivalo, Finland. Its development 
also includes a number of consultations with experts of different 
countries. 
The questionnaire now covers about 408 items and the 
following structure: 
- General indicators of company adopting FMS 
- General indicators of FHS 
- Technological and logistic specifications of FMS 
- Economic consequences of FHS 
- Social issues of FKS 
- Wanagerial issues of FKS 
- Logistic issues of FMS. 
In the second stage of our research work it is intended to 
increase the data base substantially (we expect responses from 
100) and all the managerial hypotheses will be tested on the 
broader basis. Ve expect responses from 5-6 centrally planned 
economies (USSR, Czechoslovakia, GDR, Bulgaria, Hungary and 
Poland) and from 10 market economies (USA, Austria, Italy, 
France, Sweden. Finland, Japan, FRG, UK, Netherlands). The final 
results from that stage will be contained in a Vorking Paper on 
Nanagerial Issues of CIX - Part 1 1 .  
2. SURVEY OF IUBAGERIAL HYPOTHESES 
The managerial hypotheses are divided into the following 
areas of managerial activities: 
- strategic issues of FHS adoption; 
- organizat ions1 issues; 
- socio-economic issues and consequences. 
The managerial hypotheses were specified by means of 
literature sources (either theoretical studies or published case 
studies). The main purpose was to outline the basic tendencies 
of different factors as a result of the production automation and 
integration development. The stages of production automation and 
integration are understood to be the following steps: 
- conventional machines; 
- BC-machines; 
- MC (machining centers); 
- FILS; 
- CIX; 
- A.F. (automated factory). 
On the above-mentioned basis we can now specify the 
predicted tendencies of the development of different factors 
2.1. Stratenic Issues of FHS Adoption 
The strategic decision makers are facing in these days 
complex and very complicated questions, i. e. what are the main 
reasons for introducing CIX or FHS, what are the main driving 
forces behind the strategic decision of companies top management 
to adopt CIX or FKS? An investment in that case is a strategic 
decision for the entire company to which management should be 
fully committed. If we go through different literature courcea 
we will find many different reasons for FMS adoption. 
The first strategic question is the basic orientation of 
production. Bradner [Bradner, 19861 shows the two main variables 
for alternative product strategies, the type of competition to 
which they are exposed, and the velum in which they are 
produced. According to these conditions production could, in the 
past, be divided into low-volume production of customized 
quality-competitive goods, or into high-volume production of 
standardized price-compet it ive goods. Bew technologies, such as 
CIM or FIE, permit to apply another type of production: high- 
volume product ion of customized qua1 ity-compet it ive goods. 
The latter technology may be able to react to a substantial 
shift on the world markets, characterized by an excess of 
products and the need to react quickly to very frequent changes 
of customer demands. The CIM technology promises to become 
highly flexible as to product and process innovations, higher 
productivity, production times reduction and increase of quality 
and functionality of the products. 
Similarly, but in more detail, Kristensen [ Kristensen. 19861 
presents two main strategies by means of which mass production 
firms can respond to the pressure of increased competition. The 
first strategy, called neo-Fordism, is to cut the production 
costs of the existing line of standard goods. The second 
strategy, called Flexible Specialization, is to avoid competition 
on prices and to shift to the production of specialized goods, 
catering to changing niches in the market. 
An ECE survey [ ECE, 19861 shows the main motives for FKS 
investment specified as follows: 
- stratenic investment, including those projects, whose 
economic return is difficult to calculate. It includes 
- pilot investment, the purpose of which is to evaluate 
the technology and to gain knowledge advantages over 
other firms, and "showroom investment" used mainly by 
FMS component manufacturers as a sales argument to show 
potential customers the advantages of the system. 
- rationalization investment, whose main objective ia to 
reduce the costs, increase profits and competitiveness of 
the company. It also includes 
- expans ion  inves tment ,  whose purpose is t o  i n c r e a s e  
c a p a c i t y  and remove b o t t  le-necks ,  and  replacement  
inves tment ,  r e p l a c i n g  worn-out machines o r  shop-f l o o r s .  
Bessan t  and Haywood [ B e s s a n t  and Haywood, 19851 s p e c i f i e d  i n  
t h e i r  s t u d y ,  devo ted  t o  s m a l l  and medium-size companies,  t h e  
r a n g e  of mot ives  f o r  moving i n t o  FKS technology: 
- t h e  need t o  r e d u c e  l e a d  t i m e s ;  
- t h e  need t o  reduce  working c a p i t a l  c o s t s ;  
- t h e  need t o  r e p l a c e  a n  e x i s t i n g  p l a n t ;  
- t h e  need f o r  =re a c c u r a t e  c o n t r o l ;  
- t h e  need f o r  improved machine u t i l i z a t i o n ;  
- t h e  need t o  o f f e r  a  wider  range of product  v a r i a n t s  t o  
r e t a i n  t h e  market ing edge ;  
- t h e n e e d f o r h i g h e r q u a l i t y .  
B u l l i n g e r  [ B u l l i n g e r  et  a l . ,  19871 s p e c i f i e s  f o u r  g o a l s  of 
p r o d u c t i o n ,  which w e r e  c o n f l i c t i n g  i n  t h e  p a s t :  
- high  c a p a c i t y  u t i l i z a t i o n ;  
- high  p r o d u c t i v i t y ;  
- s h o r t  th roughput  t ime ;  
- much f l e x i b i l i t y .  
C o n f l i c t s  of g o a l s  a r o s e  between c a p a c i t y  u t i l i z a t i o n  and 
th roughput  t i m e  and between p r o d u c t i v i t y  and f l e x i b i l i t y .  FMS is 
a b l e  t o  weaken o r  a lmos t  e l i m i n a t e  t h e  above c o n f l i c t i n g  g o a l s .  
L i m  [Lim, 19871 a n a l y z e d  t h e  management o b j e c t i v e s  f o r  FWS 
development i n  12 companies i n  B r i t a i n  and found t h a t  t h e  most 
impor tan t  a i m s  were p r e d i c t i n g  customer demands ( t h e  main a i m ) ,  
fo l lowed  c l o s e l y  by t h e  need t o  main ta in  a  c o m p e t i t i v e  edge 
i n t e r n a l l y  (among s u b s i d i a r i e s )  and e x t e r n a l l y  ( l o c a l  and 
o v e r s e a s  c o m p e t i t o r s  i n  similar market segments)  a s  w e l l  a s  t o  
p r o v i d e  e x t r a  c a p a c i t y  f o r  r i s i n g  demand. The n e x t ,  s o - c a l l e d  
o p e r a t i o n a l  o b j e c t i v e s ,  w e r e  r e d u c t  ion  i n  i n v e n t o r y  and work-in- 
p r o g r e s s ,  fo l lowed  by r e d u c t i o n  i n  manufactur ing c o s t s ,  
improvement i n  q u a l i t y  of o u t p u t  and machine u t i l i z a t i o n .  
One of t h e  examples  of t h e  c a s e  s t u d i e s  on t h a t  t o p i c  is 
M a r g i r i e r ' s  s t u d y  embracing French FILS. W a r g i r i e r  [ W a r g i r i e r .  
19871 i n v e s t i g a t e d  19 FILS i n  t h e  machinine; i n d u s t r y  i n  France.  
One of the pajot questions was: what economic reasons are behind 
their introduction by the industrialists in this sector. 
Two main strategies for mximizing profit were specified and 
tested: 
- to reduce unit costs by means of time, capital and labor 
saving; 
- and to improve product diversity and reach market demand 
=re rapidly by offering greater flexibility. 
The =in conclusion from that investigation is that product 
diversity and rapid reaction to the mrket do not seem to be 
major criteria for introducing flexible equipment. The findings 
of the Margirier's survey lead him to the conclusion that " . . .  it 
is the reduction of the unit costs which above all determines the 
choice of this type of equipment, rather than a strategy aiming 
at product diversity." 
On the other hand, many other authors [Jelinek & Goldhar. 
1984; Talaysum. Hassan & Goldhar, 19871 mention flexibility as a 
main driving force for F)[S adoption, This is also connected with 
the discussion about the shift fron economies of scale to 
economies of scope. 
Ayres [ Ayres, 19861 suggests that fron the long-term point 
of view, quality increase is one important driving force behind 
FIG,  or better -- in our case --, CIX adoption. 
Summarizing the goals of FHS or CCI adoption, we get the 
following list of different motives: 
- product ion increase; 
- elimination of bottlenecks; 
- productivity increase; 
- capacity augmentation; 
- cost reduction; 
- laborsaving; 
- lack of labor force or of highly skilled workers; 
- material saving; 
- energy saving; 
- reduction of machine-tools; 
- floor space saving; 
- inventories reduct ion; 
- V-I-P reduction; 
product range extension; 
product mix extension; 
different ti= reductions (lead, set-up, cutting, 
throughput, tendering, delivery); 
revenue and prof it increase ; 
decrease of return on investmnt , payback t ime reduct ion; 
market share expansion; 
acquiring experiences as a pilot plant; 
costuPer claims reduction; 
reject fraction reduction; 
quality standards (tolerance) improvement, etc. 
Analyzing the above-mentioned examples we can specify the 
following main groups of factors of FILS adoption: 
1. cost reduction; 
2. production increase; 
3. flexibility increase; 
4. quality increase including service. 
From the above and from other literature indications we come 
to the conclusion that CIH can attain different goals depending 
on the strategy a firm prefers. CIH is multi-objective and the 
goals can be channed in the course of time. In many cases CIM 
fulfills not only one but different goals. If we divide the 
company strategies into a defensive and an offensive, or 
according to Lim CLim, 19871 into a survival and a growth 
strategy, we can now combine the CIX goals with these strategies. 
Ve can logically conclude that the defensive strategy is 
connected mostly with rationalization investment, while the 
offensive strategy corresponds to strategic investPent, 
flexibility and quality increase. Horeover, the higher and more 
expansive stages of production automation and integration also 
aim to meet the offensive strategies. 
The hypothesis regarding the tendencies in strategy goals 
development is represented in Figure 1. 
Figure 2 gives a survey of the preferential strategic goals 
in Finnish and Czechoslovak FILS. The picture clearly shows the 
combination of strategic goals, 1. e. mainly flexibility 
(expressed in such factors as delivery time -- mostly In 
STRATEGY 
offensive 
(groMh) 
defensiu 
(survival) 
con reduction 
// maintain existing market 
/ 
level of automaticon and integration 
Figure 1. Strategic goals. 
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Figure 2 .  Stra teg i c  goa l s  -- F-CS P i l o t  Study. 
Czechoolovak PKSO, quality (expreooed in delivery rervice -- 
xminly in Pinnioh FIGS) and coot reduction (expressed in labor 
reduction -- minly in Czechoslovak FNS. and labor and 
inventories reduction in Finnioh FE). 
In Pinnioh PNS the main emphasio is on quality increase 
(delivery rervice). In Czechoslovak FILS the practical aboence of 
quality increase.as a priority strategic goal is somewhat 
surprising. This factors appears only in one FWS. But, on the 
other hand, this is the case of anst sophisticated FNS in 
Czechoslovakia. Thio example oupports our hypothesis about the 
tendency of otrategic goals in connection with the level of 
automation and integration. The opposite example can be found in 
the case of FIG consisting only of BC-=chines where the priority 
goal is cost reduction (inventories and buildings), which 
supports our hypothesis as well. 
The number of the highest priority factors ranges from 1 to 
5 in one system. In one case only 1 factor of the highest 
priority is presented (inventory decrease). Three FNS have a 
combination of 2 factors, in two systems there is a combination 
of 3 factors, two systems show a combination of 4 factors, and 
one FNS presents a combination of 5 factors. In Finnish FMS the 
average number of dominating factors is 2.75, and in Czechoslovak 
FlIS the corresponding number is 3.00. 
From the above we can assume that there are no substantial 
differences between the strategies chosen in planned and in 
market economy systems. Ve can state that the companies combine 
offensive and defensive strategies. Even in the most 
sophisticated systems the same combination exists. But the ways 
of realizing the offensive strategy are different. Finnish FWS 
stress m s t l y  quality and Czechoslovak FlLS stress, on the other 
hand, flexibility increase. 
The task of choosing a proper strategy is, of course, a 
complicated process, in which we have to take many different 
system connections into account. The most important factors 
influencing the choice of the strategic goals are represented in 
Figure 3. 
Strategic decision-making has to reflect mainly 
environmental conditions such as shifts in the international 
division of labor, market conditions and changing customer 
Figure 3. Model of strategic decision making of CIM 
adopt ion. 
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demands. Varnecke [Varnecke. 19871 sees the shifts mainly in the 
changes in highly developed countries which start to produce more 
competitive and =re know-how intensive products, and in buyer 
markets with weak denrand and excess production capacities. Under 
such conditions profit depends mainly on the speed and quality of 
fulfilling of the custo~r's needs. By speed and quality we 
understand flexibility, faster responses to customer demands, 
excellence in product design, higher reliability and uniqueness 
of products. The effective use of new technologies in products 
and processes becoms a key factor in international competition. 
The feedback between strategic goals and CIX prerequisites 
expresses a very tight connection among financial prerequisites, 
such as a good independent financial position for investment, the 
possibility to obtain venture capital, loans, state subsidy, 
etc., technological prerequisites connected with the 
possibilities of hardware and software vendors, of system 
integrators and the quality of their products, and social 
prerequisites, such as the necessity of improving working 
conditions (monotonous, dangerous, hard work), the educational 
level of the employees, the qualifications as well as training 
and retraining conditions, etc. 
The feedback between CIX prerequisites and consequences 
plays an important role in the process of iteration between 
design and real possibilities. Socio-economic consequences 
expressed, e. g. , in the cost-benef it model, expected cost 
reduction, productivity increase and capacity augmentation, 
flexibility and quality increase, changes in operation rate, 
flexible working hours, job rotation and other factors like 
logistics, create the manufacturing conditions with a close 
feedback to the strategic goals. 
2.2 Ornanizational Issues 
The development to higher levels of manufacturing automation 
and integration requires adequate changes of organizational forms 
and managerial structure according to many authors [Bessant B 
Haywood, 1985; Jaihmar, 1986; Kristensen, 1986; etc. I .  The old, 
so-called Taylor type of structure is noted for differentiation 
of functions, tasks and organizational roles, and a tall 
hierarchy with a high number of organizational (hierarchical) 
levels, with an essentially top-down authority for decision 
making. 
Diffusion of autoaation to the production process calls for 
substantial changes of the organizational structure, such as a 
-re flexible and organic structure, and a closer collaboration 
betwaen all functions. A new development requires the 
elimination of the traditional boundaries between marketing, 
design and production, and a closer collaboration among 
researchers, suppliers, vendors and sales people with management. 
manufacturing engineers, plant mnagers and users. The role of 
application engineering is rising. 
The above described development leads to the drastic 
reduction of hierarchical levels and gives rise to very small 
self-managed groups with high responsibility, consisting of 
highly ski1 led generalists. 
The hypothesis drawn from these ideas are represented in 
Figure 4. 
Case studies published in literature confirm the above- 
mentioned development. For example, Toikka, HyBtylllinen and 
Borros [Toikka, HyBtylllinen b Borros, 19861 describe the 
organizational changes in one Finnish middle-size machine 
engineering factory, producing diesel engines. Six workers from 
the present production scheme were selected to operate the system 
in two shifts. The task of this group is to be collectively 
responsible for the functioning of the system. The group also 
takes care of the production planning, scheduling and sequencing 
as well as of the ~ethod development and of part of the 
maintenance. Another example came up with similar conclusions 
1 Jaikumar, 1986; Braczyk, 1986; Kristensen, 19861 . 
The results from the Finnish-Czechoslovakian pilot study 
clearly confirm the first hypothesis regarding the decrease of 
the hierarchical level. The average decrease in Finnish FWS is 
4:2. while in Czechoslovak FWS it is 4:2 or 3:2. 
The second hypothesis (small highly qualified self-managed 
groups) was not sufficiently confirmed, because only 3 examples 
are available. In other cases the responses looked like a 
misunderstanding of the question. 
The other hypothesis is based on the notion that the most 
acceptable form of labor organization is Job rotation in order to 
small self-managed 
groups with high 
responr~b~lity 
organ~zatlonal (hierarchlcall 
levels 
level of automation and Integration 
Figure 4. Organizational structure development. 
increase mtivation and skill6 of personnel. This idea prevails 
in 1 iterature [ Beesant, 1986; Bul linger & Varnecke, 1985; 
Ferdom, 1983, Graham, 1986; D'lribarne, 1983; Jones & Scott, 
1986; Toikka, 19861. The hypothesis established on this basis is 
represented in Figure 5. 
BrtJdner [BrMdner, 19841 on the other hand asserts that most 
installed systems have job specialization. 
Vil lenborg' s [ Villenborg, 19871 empirical data showed 
neither extreme f o r m  of job specialization, nor of rotation. In 
fact, the work on CIH (mainly when we analyze less sophisticated 
systems) can be characterized as very diverse: both complex and 
simple tasks have to be performed and mnagers have to decide 
what labor organization to choose: job specialization or job 
rotation. The third alternative, i. e. the combination of both of 
them, is, of course, possible too. 
Our pilot study confirmed the hypothesis of job rotation 
(Figure 5). The example of Finnish FIGS shows that in 3 out of 4 
FIGS (for one FIGS data is not available) all working places use 
job rotation. In Czechoslovak FWS 2 places use job rotation on 
the average. 
The next hypothesis is connected with the operation rate 
(number of shifts. unmanned time period). The logical 
expectation is that the unmanned time period is getting longer, 
up to its theoretically possible limit, as a consequence of the 
higher level of automation and integration. 
In this case the number of shifts is expressed in the so- 
called "shift" coefficient Sk: 
total number of operators in system in all three shifts 
~, 
number of operators in system in the morning shift 
This information holds true for men. Similarly we can define the 
shift coefficient for =chine-tools: 
total number of machine tools in system in operation in all 
three shifts 
Sk, = 
number of machine tools in system in operation in the 
morning shift 
The practical limit values of Sk, , Sk, are <l; 3>. 
number of 
D~KCI 
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specialized 
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Figure 5. Job specialization and job rotation. 
Ve a l s o  l o g i c a l l y  expec t  t h a t  Sk, "111 i n c r e a s e  a s  a 
consequence of  t h e  h i g h e r  l e v e l  of  a u t o m t i o n  and i n t e g r a t i o n .  
The developmmnt of t h e  v a l u e  of S k ,  is not  s o  s imple .  S k ,  
is c l o s e l y  connec ted  w i t h  t h e  unmanned t i m e  development but  it is 
n o t  a l i n e a r  in te rdependence .  
A t  f i r s t  we have t o  ass- t h a t  t h e  economic r e a s o n s  imply 
t h e  n e c e s s i t y  of a m x i m l  va lue  of Sk, as  soon a s  p o s s i b l e .  The 
o n l y  p o s s i b i l i t y  from t h e  beg inn ing  is t o  i n c r e a s e  Sk, .  
L a t e r  on,  when t h e  sys tem is a b l e  t o  work one o r  more 
unmanned s h i f t s ,  we c a n  d e c r e a s e  t h e  number of manned s h i f t s  o r  
d e c r e a s e  Sk, w h i l e  keeping Skn on a maximum l e v e l .  
But t h e r e  is a n o t h e r  p o s s i b i l i t y  t o  d e c r e a s e  t h e  number of 
manned s h i f t s  e a r l i e r ,  wi thout  d e c r e a s i n g  Sk,. The s o l u t i o n  l i e s  
i n  o p e r a t i o n  rate changes  o r  i n  t h e  a d o p t i o n  of f l e x i b l e  working 
h o u r s .  For  example,  a t  t h e  moment when a sys tem is a b l e  t o  r e a c h  
t h e  p e r i o d  of  4 hours  unmanned t i m m  ( i n  a n  8-hour s h i f t  s y s t e m ) .  
t h i s  a l l o w s  u s  t o  change t h e  normal ly  used sys tem (morning s h i f t  
f rom 6 a .  m. t o  2 p.  n., even ing  s h i f t  f  ram 2 p. m. t o  10 p. m. and 
n i g h t  s h i f t  from 10 p.m. t o  6 a.m.  ) t o  a two-sh i f t  sys tem of t h e  
f o l l o w i n g  t y p e :  morning s h i f t  f rom 6 a .  m. t o  2 p. m. , 4 hours  
unmanned t i m e ,  evening s h i f t  from 6 p .  m ,  t o  2 p.m. , 4 hours  
unmanned t i n e .  Of c o u r s e ,  t h e r e  are many o t h e r  p o s s i b l e  v a r i a n t s  
s o l v i n g  t h e s e  problems. 
Such a t y p e  of s o l u t i o n  c a n  r e s o l v e  t h e  l a c k  of s k i l l e d  
work-force ,  t h e  n e g a t i v e  s o c i a l  consequences  of a 3 - s h i f t  sys tem,  
etc.  The above d i s c u s s e d  h y p o t h e s i s  is r e p r e s e n t e d  i n  F i g u r e  6. 
The r e s u l t s  from o u r  p i l o t  s t u d y  show t h a t  t h e  p o s s i b l e  
unmanned t i m e  r a n g e s  f rom 25 minutes  t o  30 h o u r s  (bu t  t h e  l a t t e r  
is o n l y  a t h e o r e t i c a l  p o s s i b i l i t y ,  p r a c t i c a l l y  8 hours  s h i f t  is 
i n  u s e ) .  Nos t ly  ( i n  6 from 9 a n a l y z e d  cases) t h e  p e r i o d  of 
unmanned t i m e  is 8 hours .  T h i s  a l l o w s  t o  work on 2 manned and 3 
machine s h i f t s ,  1.e. Sk, = 2 and Sk= = 3. 
One example of t h e  F i n n i s h  FlIS is v e r y  i n t e r e s t i n g .  The 
s y s t e m  is working d u r i n g  working d a y s  i n  3 s h i f t s ,  on S a t u r d a y s  
a n d  Sundays moreover 1 morning s h i f t ,  u t i l i z i n g  s t u d e n t s  from a 
t e c h n i c a l  s c h o o l  a s  o p e r a t o r s .  Compared w i t h  conven t iona l  o r  
s t a n d - a l o n e  BC-machines t h e  o p e r a t i o n  r a t e  changed and t h e  number 
of  machine t o o l s  s h i f t s  i n c r e a s e d  on t h e  average  by 1 s h i f t  ( 5  
cases). 
number o f  
hours. 
s h ~ f t  
c o e f f ~ c ~ e n t  
sk, 
A - - - - - -  b 
I 
I 
I 
- 
unmanned 
/ 
/ 
/ operatron rate 
-. yflexible work~ng \ 
/ /  Notes \ 
Skl = man s h ~ h  coeff~c~ent  
Sk2 = mach~ne tools s h ~ h  coeff~c~enr  
level o f  auromaron and lntegrat~on 
Figure 6. O ~ e r a t i o n  rate, unmanned time. 
Flexible working hours and periodical rest of employees are 
not used in any case. This shows the big reserves for the rest 
of the systems, where the unmanned time is smaller than 8 hours 
and where the machine tool operation rate has not yet changed. 
The possible use of flexible working hours is described above. 
The next hypothesis ranks anung the so-called open 
hypotheses, which can be tested after analyzing the data from the 
final version of our questionnaire in part 11. 
The hypothesis shown in Figure 7 expresses the 
int;rconnection between develop~ent and implementation times of 
C I X  adoption and organizational forma of top management 
involvement in C I X  development and implementation. The more 
intensive the involvement of the top management in this 
development and implementation is, the shorter will the time of 
development and implementation be. 
Different configurations and investment costs do not allow 
to compare real values of the development and implementation 
time. This is why we use real time to planned time ratio for the 
comparison. 
The following three "open" hypotheses are similar and 
express the interdependences between development and 
implementation time on one side, and organization of designers 
and operators involvement in that process as well as basic 
organization of project implementation on the other side. The 
interconnections are represented in Figures 8, 9, and 18. 
Another hypothesis concerns the infrastructure of the 
industries. The idea is that FMS and C I X  are able to manufacture 
m r e  complex parts, the part family and product mix are getting 
broader, and flexibility is increasing. A11 these factors have 
important consequences on the number of subcontractors, on the 
level of imports of seniproducts and parts, and on international 
specialization and cooperation. We expect changes of the 
location of the subcontractorc, nuving more closely to the 
manufacturers, and improvements in the balance of payments in the 
national economies. The basic interconnection between 
complexity, part family and product mix increase on the one hand, 
and the number of subcontractors causing closer links between 
manufacturers and their subcontractors on the other, is 
represented in Figure 11. 
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Organizat~oml forms of top management involvement: 
1. any specla1 organizational forms, consultancy 
2. ad hoc meetings 
3. temporary advisory cornmlttee, indirect participation of top management, consultancy 
4. special organizational unit with direct participation of top management 
5. top management on the head of the special organizational unit 
Figure 7. Organizational forms of top management 
involvement. 
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Organizational forms of designers involvement (prevalent): 
1. consultancy 
2. pan time panic~pat~on 
3. full time panlclpatlon 
Figure 8. Organizational forms of designers involvement. 
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Organizational forms of operators involvement (prevalent): 
1 .  consultant company 
2. joint teams 
3. system vendor 
4 .  inhouse team 
Figure 9. Organizational forms of operators 
involvement. 
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Organirnional forms of project implementation: 
1. conwltant company 
2. joint teams 
3. system vendor 
4. inhouse team 
Figure 10. Organization of project implementation. 
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Figure 7 7 .  Level of automation and integration. 
The next hypotheses have eome organizational context, but 
they rank with a very important area whoee relevance is 
permanently growing -- the information area. Of course we can 
not analyze this area in detail, and for reasons of specific 
problems connected with such an analysis we tried to concentrate 
only on so- iesues. 
The first hypothesis shown in Figure ?12 expresses the 
relationships between the level of automation and integration and 
the developmnt stages of information exchange and processing. 
Higher stages of automation and integration require a higher 
level of integration and more sophisticated and standardized 
communication systems. 
The results from our pilot study show that the Czechoslovak 
FWS use mainly mainframe systems with terminals and, 
surprisingly, no PCs. The Finnish FMS are oriented mainly on 
network-distributed PC systems. Bone of them have so far used 
LAB and co~nmunication standards and protocols. 
The second hypothesis tries to show the relationship between 
level of automation and integration and the number of function 
processes in different stages of information exchange and 
processing. The hypothesis can also be demonstrated in Figure 12 
and is formulated in the following terms: the higher the level 
of automation and integration, the higher the number of operation 
processes in higher stages of information exchange and 
processing. 
The results from our pilot study show that in all of the 
analyzed systems practically a11 functions are computerized. 
Vithin the Finnish systems only one system uses a Ninicomputer 
for CAD/CAM functions. the other functions are computerized by 
means of PCs, but in CAD/CAX the functions are not computerized. 
In the Czechoslovak systems the functions such as material 
requiremnt planning, inventory control, order processing and 
sales monitoring are computerized by m a n s  of mainframe 
computers, and the others by minicomputers including CAD/CAM. 
Only one system uses PC for nmterial flow control and inventory 
control. 
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Notes: 
ISDN = Integrated Services Digital Network, including as well telex, telefrx, etc. 
WAN = Wide Area Network 
LAN = Local Area Network 
ED1 = Elutron~c Data Interchange 
MAP, TOP = communication standards and protocols 
Figure 12. Development stages of information exchange and 
processing. 
2.3. Socio-economic Issues and Conseauences 
The knowledge from theoretical studies and published case 
studies leads mstly to the conclusion that the development of 
skills of mapower goes to multi-disciplinary skilled shop floor 
personnel and to multi-skilled mnagers [ Ranta, 1986; Braczyk, 
1986; Schuaann, 1986; Bullinger et al., 1987; Bessant & Haywood, 
19851. 
The division of labor in conventional system6 is 
characterized by a very narrow specification of operators, by a 
division between traditional crafts and skilled workers, and by 
division and specialization of labor. The other groups consist 
of semi-skilled and unskilled workers (laainly for loading and 
unloading operations). The number of direct operators (handling 
the machine-tools and other devices directly) and mechanical 
maintenance-men is relatively high. This is the typical Taylor 
type of division and specialization of labor. 
In course of the time, when a higher level of automation and 
integration is introduced,in the production process, the nature 
of the process requires integration of skills; thus the number of 
direct operators is decreasing and, on the other hand, the number 
of indirect support staff is increasing. The ratio of electrical 
to mechanical maintenance ren 16 going up, as well as the number 
of system analysts and programmers. Ve can examine the gradual 
substitution of the best qualified production personnel in a 
system for unskilled workers, such as loaders and unloaders. 
Multi-skilled maintenance personnel combine mechanical, 
electronic and software knowhow. 
Even today it seems that the skills of many managers, based 
mainly on law and economics, might not be sufficient to solve the 
problems of managing the new technology and they must be changed 
to a multi-skilled profile. 
Vork structuring in production tends to job enlargement, Job 
e n r i c h ~ n t  and job rotation, as well as to an integration of 
skills. 
The basic hypothesis drawn from the above mentioned ideas is 
represented in Figure 13. 
The Finnish case studies [Toikka et al., 1986; Ranta, 19661 
distinguish two basic strategies in this area: substitution and 
development strategies. 
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Figure 13. Skills development. 
The eubetitution strategy corresponds to the traditional Job 
structure, characterized by a relatively low level of personnel 
skills; even unskilled workers can be considered useful in this 
case. 
The production is divided among the different groups of 
workers: the internal manufacturing operations that require 
overall planning and management are allocated to the few skilled 
foremen or group leaders; less qualified groups of specialized 
workers are placed outside of the actual production process, and 
unskilled auxiliary workers take care of the loading and 
unloading tasks; the genuine planning and preparatory operations 
that require high special qualifications are allocated to F E -  
external partners who program and pre-set the tools and also take 
care of maintenance and repair. 
The developant strategy corresponds to the alternative job 
structure distinguished by the extrealy homogenous, relatively 
highly qualified production staff. The internal manufacturing 
operations can be carried out by each of the workers who are 
rotating in different tasks. Planning and preparing of 
production is realized inside the system, only s o a  programming 
and major repair is done outside. The time consumption for the 
daily production-process planning is increasing distinctly 
compared with a conventional system. There is discretion to 
regulate as much as possible on the shop floor. 
The results from our pilot study show very similar outcomes 
in both countries. On the analyzed level of autol~ation and 
integration, 1.e. in FIGS, there are practically no unskilled 
workers in the system. Compared with conventional systems or 
stand-alone BC-=chines the number decreased fron 1-2 workers to 
zero. 
The percentage of college-educated personnel increased from 
18% to 28% and the direct/indirect workers ratio changed on the 
average fron 66/33 to 33/66 percent. Mechanical to electrical 
maintenance personnel changed on the average from 1: 1 to 1: 1.8- 
2. 
The main changes in work content are characterized by 
iaprovemnt of qualifications, the rise of new professions such 
as automated system operators, more responsibility (wider area, 
not growth of task), and larger task content. 
A11 above-mentioned tasks confirm the hypotheeis shown in 
Figure 13. The only hypothesis not confirmd was the substantial 
increase of time consumption for daily production-process 
planning. On the contrary, this time has been decreasing in many 
of the analyzed cystems (from 4 hours to 38 minutes). 
The next hypothesis ic closely related to the previous one 
and it is connected with the so-called technocentric or 
anthropocentric approach in the nnn-machine architecture in CIM 
systems, today very frequently discussed in literature. The 
problem has two main angles. Some of the authors stress the 
qualitative angle and regard the technocentric approach as 
"technology controlling man" and the anthropocentric approach as 
"man controlling technology". In the first case the 
technocentric approach leaves the human subordinate to the system 
and has no higher requirements on human qualifications. The 
anthropocentric approach places man in control of the system and 
needs the multi-skilled operator who, with a very wide, open- 
ended repertoire, of skills, will manage the system despite 
unforeseen disturbances. From this angle the Finnish and 
Czechoslovak FNS tend towards the anthropocentric approach. 
The second, quantitative angle of this problem stems from 
the idea that man can be replaced by machines and control 
devices. The role of the system operator will be to fill the 
gaps with the thoroughness of a designer. On this basis it is 
logically possible to draw the conclusion that the more expansive 
and complicated the system is, the fewer people will the 
production system need. 
Figure 14 shows the results of 28 Czechoslovak and 6 Finnish 
FHS (in this case an extended data base from additional sources 
was used). The interconnection between personnel reduction (in 
'L) and investment cost6 (in million US b) is presented in that 
figure. On the basis of these results we could come to the 
conclusion that, assuming only the second angle of the 
technocentric and the anthropocentric approach (personnel 
reduction), the Finnish FHS distinctly tend to the technocentric 
and the Czechoslovak FWS to the anthropocentric approach. 
However, another explanation of this phenomenon could be very 
prosaic, 1.e. that the economic conditions in Czechoslovakia do 
not push so strongly for personnel reduction. The figures on the 
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F i g u r e  1 4 .  P e r s o n n e l  r e d u c t i o n  i n  FMS. 
graph indicate the year of installation of every system, from 
which it b e c o a s  clear that this factor does not have any 
influence on this phenomenon. 
The next hypothesis expresses the notion that higher stages 
of automation and integration improve the working conditions such 
as a reduction of the hard, dangerous and monotonous work places. 
This fact has to have logically such a consequence a6 a reduction 
of lPanpower turnover (fluctuation) and sick leave ratio. The 
hypothesis drawn from this idea is represented in Figure 15. The 
results from our pilot study confirmed our hypothesis only 
partly. Firstly, it was stated in all systems that there are no 
dangerous work places. Secondly, the influence on the sick leave 
ratio was negligible. In all but one system no influence was 
indicated, 1.e. the ratio remained without any change. Only in 
one Finnish system the ratio decreased and is now slightly lower 
than elsewhere in the factory. Some changes were indicated in 
the number of hard work places (in four systems) and the maximum 
decrease of that kind of work place was from 4 to zero (Finland),. 
Xore distinctive changes were noted in monotonous work places, 
where the decrease of the number of those places compared with 
conventional systems was on the average 1B-2B%, but this applied 
mainly to Czechoslovak systems (only 1 case in Finnish systems). 
The results for the reduction of manpower turnover 
(fluctuation) ratio are similar. The decrease occurred in all 
Czechoslovak syste- and the maximum value ranges from 18% to 
zero, on the average from 12% to 1%. The Finnish systems do not 
Show any changes in this respect and the value is zero. 
Looking for the main reasons of the differences between the 
two countries, we found that the starting point of Czechoslovak 
systems were conventional machines and in Finland they were BC- 
machines. These systems were compared with FWS and we may 
conclude that the hypothesis (see Figure 15) is valid for the 
long-term perspective, assuuing the stated level of automtion 
and integration. 
Further topics frequently discussed in literature are the 
training/retraining costs and the training/retraining and 
recruitant policies for CII. The general opinion is that higher 
levels of automation and integration call for a longer time for 
training/retraining of the personnel and for higher 
number of 
hard, 
dangerous. 
monotomug 
work 
places 
manpower 
turnover 
ffluctuation 
sick leave 
rnio 
level of automation and integration 
Figure 15. Changes in working conditions. 
training/retraining cooto. For instance Schumann [Schuaann. 
19861 describes a new type of multi-skilled operator as " . . .  a 
man who is munually gifted and theoretically talented, able to 
diagnose and to act effectively, who possesses to an equal degree 
metal-cutting and electrical and electronic knowledge of basics. 
Thim new type of worker ir not the traditional man trained on the 
job who gets into the position of mchine,operator without formal 
training only on the basis of years of experience. Much of the 
brainwork has been removed from this workplace in normal running, 
by steering, regulating and oupervising functions taken over by 
conputer system. But instead, according to the new concept of 
use of labor, this workplace is allotad new tasks for dealing 
with exceptional situations. Coping with these tasks requires 
-re than in previous tinm=s a theoretical competence to a greater 
extent than could be obtained only by learning by doing." 
The basic tendency regarding this problem is shown in Figure 
16. 
The results from our pilot study contain the data regarding 
FILS. Unfortunately the comparable data, 1.e. for conventional or 
stand-alone BC-nmchines are not available, thus it is not 
possible to follow up on the tendency. 
However, the current data do not only show similarities, but 
they also show some substantial differences between countries as 
well as inside one country. 
The average length of training/retraining ranges between 1- 
3 weeks in Czechoslovakia and is almost the same in all systems. 
There is a different situation in Finland, where the time period 
ranges in two syste06 between 6-9 mnths and in the other two 
systems it ranges between 2-4 weeks. Moreover, in systerm with 
the longest training/retraining ti= the operators have an 
excellent background, years of experience with XC-machines and a 
good basic training. The total training/retraining costs per 
operator range between 1888-7800 US S in Czechoslovakia and are 
again on a similar level in all systems. 
In Finland the costs are naturally substantially higher in 
systems with the longer period of training/retraining: 12088 to 
22888 US S. In the other syste= the costs range between 1588 - 
3888 US S.  
length 
of the 
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retraining 
training1 
retraining 
colt 
b 
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F i g u r e  16 .  T r a i n i n g ,  r e t r a i n i n g  cost .  
The last hypotheses in this area are again the so-called 
"open hypotheses"; they can be testified after gathering more 
stat 1st ical data. 
The aim of the hypothesis is to specify more appropriate 
organizational f o r m  for training/retraining. As a criterion for 
the assessl~ent of such forms two factors are used, 1.e. the non- 
adaptable operators ratio and the manpower turnover (fluctuat'ion) 
ratio. The following organizational forms are taken into 
account : 
- on-the-job training; 
- o f f - t h e - j o b t r a i n i n g o r g a n i z e d b y :  
training department of user company 
special training institution 
vendors. 
The hypothesis is represented in Figure 17. 
The preliminary results from our study show that companies 
usually use a mix of organizational forms and that there does not 
yet exist a distinctive correlation between the manpower turnover 
(fluctuation) ratio and different organizational forms. 
Xoreover, the other factor, 1.e. the non-adaptable operators 
ratio could not be used at all, because no example of that kind 
exists so far. Xaybe it would be necessary to find another 
factor for the correlation. 
The next hypothesis demonstrates the interconnections 
between organizational forms of recruitment of personnel for CIM 
and, again, the factors manpower turnover (fluctuation) and non- 
adaptable operators ratio. The hypothesis stems from the idea 
that the better the form of recruitment, the lower will the ratio 
of both factors be, as shown in Figure 18. The following 
possible forms of recruitment are taken into account: 
- recruitment from nanufacturing areas closer to CIX; 
- recruitees having worked with previous system (machining 
centers, EC-machines, conventional system) ; 
- young recrui tees; 
- recruitment from the best operators (creaming-off policy) . 
The last "open" hypothesis is connected with the reward 
system suitable under the changed conditions, 1.e. at the higher 
non-adaptable 
operators 
manpower 
turnover 
(fluctuation) 
ratio 
Organizational forms of traini~lretraining: 
1. on-the-job trainlng 
2. off-the-iob training organized by trainlng department of user company 
3,  off-the-job training organtzed by special train~ng inst~tution 
4.  off.the-job training organ~zed by vendors 
Figure 17. Training/retraining organizational forms. 
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Figure 1 8 .  Recruitment p o l i c y  f o r  C I M .  
level of automation and integration. Prom the literature 1. e. . 
Lasko, 1988; Krabbendam, 19861 we can draw the logical conclusion 
that the reward system has to reflect the global responsibility 
of the operators. People work as a team and have the 
responsibility for a11 the improvenents in productivity. This 
hypothesis reflects the interconnection between the form of 
reward and the manpower turnover (fluctuation) rat 10. The better 
and more appropriate the reward system, the lower will the ratio 
(or other indicator?) be. The following forms were taken into 
account : 
- piecework system; 
- individual wages; 
- time wages; 
- group wages; 
- group premium payment 
This hypothesis is represented in Figure 19. 
CONCLUSIONS 
The main purpose of the paper was to describe and 
systematically classify the manacerial hypotheses connected with 
CIW adoption. 
The hypotheses embrace the strategic, organizational and 
socio-economic areas of managerial activities. They create arr 
open system and will be enlarged in the second stage of our 
study, 1.e. after gathering the data according to the refined 
version of our questionnaire from an expected number of 100 
systems. Many of the organizational and social parts were 
extended in that last version. 
All above-antioned and newly created managerial hypotheses 
will be tested by means of the proper statistical nethods and new 
conclusions will be drawn from special comparisons such as 
centrally planned vs. market economies, small vs. large 
countries, different branches of industry, different areas like 
USA vs. Japan vs. Vestern Europe vs. Eastern Europe, etc. 
The preliminary results from the Finnish-Czechoslovakian 
pilot study show some interesting results. Testing the 
hypotheses drawn mainly from theoretical studies and published 
case studies, we have come to the conclusion that some of them 
Forms of reward system: 
manpower 
turmver 
(fluctuation) 
ratio 
1.  piecework system 
2. ~nd~vidual wages 
3. tlme wage 
4. group wages 
5. group premium pay 
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Figure 1 9 .  Reward system i n  C I M .  
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have been confirmed, so- of them not. There are also some 
interesting differences whose reason may lie in the different 
economic systems. But we have to stress that it I6 very 
dangerous to draw final conclusions from the pilot study. Ve 
have to uait for a more elaborate data base, where the final 
conclusions will not be only reasoned conjectures, but well 
researched subjects. The large data base comprising 188 systems 
creates the desirable precondition for drawing new conclusions 
and generalizing the results for different environmental, 
economic, cultural and other conditions. In order to arrive at 
interesting results for the relevant decision-xuskers it is 
intended to clarify the main factors and ways by which different 
companies adopted CIH and to specify the pacing factors decisive 
for the successful adoption of these particular systems. 
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Abstract 
This paper draws on empirical research in the implementation of a number of computer- 
integrated manufacturing technologies, primarily in the UK. It argues that, whilst the potential 
benefits available from these technologies are significant, achieving them in practice depends 
upon considerable organisational adaptation during the implementation phase. The paper 
concludes with an examination of possible organisational development strategies to support 
effective implementation of CIM. 
IMPLEMENT lNG INTEGRATED TECHNOLOGY 
The potent la l  o t  computer- Integrated manutactur lng 
There is widespread agreement that advanced computer-based systems have considerable 
potential for improving manufacturing operations. Rates of diffusion of technologies such as 
computer-aided design (CAD), flexible manufacturing systems (FMS) and computer-aided 
production management (CAPM) systems, although still slow are beginning to accelerate as 
firms recognise the benefits which can be obtained in terms of reduced inventories, shorter 
lead times, tighter production control, higher quality and overall improved responsiveness to 
the market. Table (1) which draws on the INSEAD manufacturing futures survey ot European 
manufacturing executives indicates the range of typical manufacturing concerns and sets 
these against the contributions which computer-based technologies can offer. 
Tabk (1) CIM - a solution for the manutacturlng problems of the 199087 
Maln problem Issues as Potential cont r lbu t lons  ot tered b y  CIM 
seen b y  senlor manutactur lng 
executives I n  Europe 
Producing to high quality standards lmprovements in overall quality via automated 
inspection and testing, better production information 
and more accurate control of processes 
High and rising overhead costs Improvements in production information and shorter 
lead times, smoother flow less need for superv~sion 
and progress chasing 
High and rising material costs Reduces inventories of raw mater~als, work-in 
progress and finished goods 
Introducing new products on schedule CADICAM shortens design lead time. Tighter 
control and flexible manufacturing smooths flow 
through plant and cuts door-to-door time 
Poor sales forecasts 
Inability to deliver on time 
Long production lead times 
More responsive system can react quicker to 
information fluctuations. Longer term. integrated 
systems improve forecasting 
Smoother and more predictable flow through 
design and possible accurate delivery 
Flexible manufacturing techniques reduce set-up 
times and other interruptions so that products flow 
smoothly and faster through plant 
The trend in application of computer-based systems is towards computer-integrated 
manufacturing (CIM). That IS, the convergence of the various systems associated with 
different aspects of manufacturing around a single database and shared communtcations. Such 
convergence continues a trend established for some time within the manufacturing process 
where - as Kaplinsky (2) points out - there has been growing integration, first within and then 
between tasks. A good example is the case of machine tools, where the various individual 
operations which used to be carried out by different machines and operators have gradually 
converged into single sophisticated machining centres and where much of the original craft skill 
of the operator can be embodied in the control program of a CNC device. Such machines can 
also be combined with robot manipulators, computer controlled tool management and parts 
handling, and linked together with other machines capable of different types of operation - for 
example, cutting, drilling or grinding. This has made it possible to create an integrated 
manufacturing cell, under some form of direct numerical control (DNC) by computer, and 
behaving in many ways as a single complex machine. The present stage of convergence is for 
integration between these operations and the overall production planning and scheduling 
systems in a flexible manufacturing system. Computer-integrated manufacturing takes the 
process a step further, by offering potential linkage with all elements of the manufacturing 
process - design, co-ordination and production. 
It is also worth noting that the panern of integration does not need to stop at the boundaries of 
the firm; linkages between frrms - on design, purchasing, distribution, etc - are also possible 
via similar computer communication networks. Digital Equipment, for example. (3) in a recent 
report describing the~r Clonmel CIM facility in Eire point out that through the use of the 
company's world-wide computer/communication network the plan can access up to 15,000 
computer systems. For a task like design this means that a vast resource of specialised 
knowledge - distributed geographically throughout the world - can be brought to bear on the 
problems of a particular plant through a single computer terminal and appropriate 
communications software. 
Problems with CIM 
From this it appears as if CIM represents a 'golden key' with which manufacturers will be able 
to unlock their productivity and quality problems. And at first glance the diffusion of advanced 
automation technology appears to support this view, with market growth rates in particular 
sectors often in excess of 20% per year. For example, a recently published Frost and 
Sullivan report (4) suggests a threefold increase by 1991 in the number of industrial computer 
systems from its present level of around 22.000. Similarly, data on automation projects 
already established indicates both a rapid expansion and also a broadening out in application 
across the industrial spectrum. In the UK the 'Engineering Computers' survey, which uses a 
large - 2000 plus firms - statistically structured survey on an annual basis, growth in overall 
application of computer hardware and software is shown rising at around 20% per year. (5) 
Evidence also supports the view that advanced manufacturing technology can bring spectacular 
benefits. For example, in our own work on flexible manufacturing systems we have seen lead 
times and work in progress inventories cut by as much as 75%. (6) The trade and technical 
press is regularly filled w~ th  case histories of successful implementation. But In practice. 
although there has been considerable publicity and strong market pressure from the supply 
side, a growing mood of disenchantment with CIM amongst users can be detected, with many 
reducing their ~nvestment intentions and seeking simpler solutions to their manufacturing 
problems. 
A report for the British Institute of Management makes the point that although firms have made 
investments in AMT these have not always been successful. (New) (7) In one sample of 64 
plants which had invested in some form of FMS over two th~rds had so far only achieved low 
payback, whilst others using CAD also felt that they were not gening the best out of them. 
Inevitably this has led firms to revise their investment intentions downwards and in particular 
away from the more complex systems technolog~es. 
Tabk 2 P 8 y 0 f f ~  f rom advanced mrnu f r c tu r l ng  technology 
(Base: 250 firms) 
Technology 
CAD 
CAM 
MRP 
FMS 
Robots 
Zero to low payoff Moderate to high 
( "10 ) ( "10 ) 
Source: New.1986 
Too much should not be read into figures of this kind, but they do demonstrate that moving to 
~ntegrated configurations of technology raises a number of questions. Despite optimistic 
market forecasts and the promise of considerable benefits, a growing sense of caution is 
clearly developing amongst potential users. This emerges in the apparent slowdown in 
investment , in comments in the trade press, and in a growing cynicism about much of the 
supply industry. It reflects, above all, a disenchantment with AMT's ability to deliver the 
benefits promised and there are several examples of costly failures or of systems which are 
only working at a fraction of their true potential. 
Even where systems do work it may take several years to learn to use them well enough to 
exploit the sort of gains which the suppliers suggested were possible. For example, in research 
on CAD, Senker and Arnold (8) found that it took firms an average of two years to achieve 
'best practice' productivity gains whilst another study of CAPM by the ACME Directorate of 
the SERC pointed 'out that '...even advanced CAPM users have difficulty in understanding how 
best to use the numerous CAPM control variables (especially in combination) .... thus they are 
not gettlng full benefit from CAPM systems'.(Q) 
Although there are clearly several major technological problems to be overcome in achieving 
full integration, it is becoming clear from closer analysis of the experience of firms which have 
Implemented partially-integrated solutions (such as CAD/CAM or FMS) that considerable 
organisational change is also needed in order to achieve the expected benefits. Indeed, in 
several cases firms report that the majority of benefits achieved derived from these 
organisational changes rather than the technology in which they had invested. 
An illustration of this can be found in the experience of Digital Equipment in implementing a 
major CIM facility in Clonmel, Eire. Although th~s was planned as a technological innovation 
and, five years on, is generally regarded as having made a significant contribution to improved 
performance at the plant across a range of indicators, such as productivity growth, stock turn, 
inventory reduction, lead time reduction and quality improvement, the plant director vlews the 
major benefits as having come from organisational learning. He identifies several key lessons 
which the company learned including the need to '.....Simplify ways of doing things before 
automating. Most people who get into difficulties with investments do not realise their 
potential because they try to automate their existing operations'.(l 0) 
This also illustrates another key point in CIM implementation; many of the benefits which with 
hindsight have been of most value to the firm were not seen at the outset or included in the 
investment justification. In a recent survey of 106 firms which we conducted the majority of ; 
although most (77%) attempted to use some form of formal justification for their investments 
they did not feel that these took account of the many intangible benefits which new 
manufacturing technology offers. Examples of such intangibles Include increased flexibility, 
better responsiveness to customers (and hence greater customer satisfaction), improved 
awareness of production bottlenecks and quality problems and better suppller relationships. 
What 1s emerging in some cases is a dual system whereby investment proposals are made on 
the basis of accepted methods and criteria - such as labour savings - but where the real 
lustification is often ' an act of faith' backed up with a judgement about the strategic benefits 
which might emerge later. (1 1) 
At root these problems reflect the fundamental nature of the challenge which CIM poses. 
Rather than discrete automation, which involves doing what has always been done a little better 
, integration opens up completely new possibilities for doing things in totally new or radically 
improved ways. The shift from substitution to augmentation implicit in this challenges the 
organisation at a fundamental level - and we should not be surprised to find that existing 
structures and practices are not always apprpriate to support its implementation. 
Organlsatlonal adaptation to  new technology 
It is useful to consider how far the organisational response to technology can influence its 
success or failure. A good example of this is the case of CAPM systems which have been 
around for some time but where the experience is still - as indicated above - that many of them 
are be~ng poorly used. Although such systems appear logical and relatively simple in concept. 
there have been significant problems in their use slnce the 1960s when basic Materials 
Requirements Planning (MRP) systems were first introduced. Early systems suffered from a 
number of problems which had more to do with organisational and human factors than 
technological. These included: 
- poor quality data input (because of lack of commitment or even deliberate action). Poor 
data in the system renders information generated ineffective or wrong. 
- poor implementation; many systems remained the province of data processing experts and 
were often imposed upon the rest of the organisation. 
- lack of commitment from senior management 
- slow in operation (runs could take several hours) and unresponsive to changes 
- lack of feedback provision to take account of changes in capacity, order levels, lead times. 
etc 
- often seen as the respons~bility of one department (usually DP or stock control) rather 
than an organisation-wide responsibility 
- weak links to other aspects of the production process such as quality control. 
As a result. MRP systems worked best for those firms making with little basic variety in 
product range and with relatively stable patterns of orders and supply. More advanced 
systems, such as MRP2, were developed in the late 1970s to maintain the basic principles but 
also to improve the practicalities. However, although many elements - such as improved 
feedback and responsiveness to change - are designed into the system, much still depends on 
the way in which it is implemented within the organisational context. 
More recent work on flexible manufacturing systems (for example, the USlJapan comparison 
made by Jaikumar (12)) has highlighted international differences in the way in which firms 
approach the use of new technologies and it is clear that considerable scope exists for different 
forms of organisation and implementation. 
D lmenr lon r  of organlrat lonal  change 
The need for some degree of organisational adaptation to get the best out of technology has long 
been recognised - indeed, it forms the basis of the well-known 'experience curve' effect 
Identified during the 1940s. That is, that organisations learn to produce more efficiently as 
volume and familiarity with the process increases. Such learning involves several components 
including patterns of work organisation, of plant layout, of processing routing, plant loading and 
SO on. 
Where this effect applies to a single new machine or a well eslablished process, it represents 
something which the firm can assimilate in incremental fash~on. However, it can be argued that 
the novel, highly complex and integrated characteristics of present manufacturing systems 
makes this at best a long learning curve and one which requires considerable adaptation along 
the above-mentioned dimensions. In particular, the requirement appears to be for much higher 
levels of integration within the organisation, to match those emerging in the technology. 
An example of this can be found in the skills area. As industry moves towards more integrated 
forms of manufacturing so it becomes clear that some new skills will be needed, such as 
programming, systems analysis and electronics maintenance. In addition to these there is a 
need for increasing breadth in the portfolio of existing skills and for increased flexibility in 
their deployment. Finally there is a need to blend new skills with long-term 'tacil' knowledge 
and experience of the processes involved and the materials being used and worked on. 
Combining these elements ~n response to the demands being posed by increasing technological 
integration has led to the emergence of new breeds of personnel at a variety of levels in the 
business. For example, the concept of 'manufacturing systems engineers' - that is, engineers 
with a breadth of knowledge across production systems and technologies rather than the 
somewhat narrower traditional single discipline graduates - are increasingly to be found in the 
U K ( ~ ~ )  whilst in West Germany demand for the Wirtschaftsingenieur is growing. 
In the design area the traditional draughtsman is being replaced by a composite 
des~gnerldraughtsmanlCAD technician with close links into and experience of the actual 
manufacturing process. In the maintenance area - as several authors (for example Senker(l4) 
and Fleck ( 1 5 ) )  have pointed out - the multidisciplinary1muIt1-trade maintenance fitter is 
becoming essential to support items such as robots which involve several different technologies 
such as hydraulics, pneumatics, electronics and mechanical engineering. 
Multiple skills are an important requirement in this connection, bringing together different 
engineering disciplines (hardwarelsoftware, electronics with applications, manufacturing 
systems engineering etc) and different crak skills (for example, in maintenance). Further, 
with the decreasing importance and involvement of direct workers, those who remain need to 
be flexible and highly trained in first-line maintenance, diagnostics, etc whilst the increasing 
number of indirect support staff need to be broadly skilled and able to respond in flexible 
fashion to a wide'variely of problems right across an integrated facility. 
In essence this is a process of skill convergence to match that of technological convergence in 
the moves towards the computer integrated factory. Nor is it confined to production-related 
skills alone. Similar patterns can be found in other application areas - for example, in the case 
of flexible manufacturing systems. In one Scandinavian example which we examined, the level 
of delegation to the shop floor was such that even purchas~ng decisions regarding the castings 
to be machined and the overall relationships with the supplier foundries were handled by the 
highly-skilled system operators. In other cases skilled operators were trained to undertake 
aspects of the maintenance and quality management and to contribute to the overall scheduling 
and planning within flexible manufacturing cells. 
The move to FMS and other integrated automation technologies also poses questions about 
organisational structures and particularly about the traditional pattern of functional 
specialisation. For example, there is the need - itself facilitated by moves towards CADICAM 
linkages within firms - for the design and production departments to work closely together to 
develop products which are suitable for manufacture on an FMS. Such a 'design for 
manufacture' philosophy is of particular significance in the flexible assembly automation field 
where small modifications to the design of an item can eliminate the need for complex 
manipulation or operations within an automated system. 
In one FMS case which we examined, for example, redesign of the product led to a reduction in 
the number of operations, handling and machining- from 47 to 15 - with significant implications 
for cost and lead time savings. As one manager put it. ' FMS IS going to drive the shop - but 
it's also going to drive the people who design the product and the production engineering ... those 
parts have got to be made if we are to just~fy this investment". 
The essence of such functional integration is not to eliminate speclalist skills but to bring them 
to bear in a co-ordinated fashion on the problems of designing, producing and selling products - 
creating a single system view of the process rather than one with many parochial boundaries 
and little interchange across them. Another good example of th~s can be found in the area of 
financial appraisal of FMS, where the integrated and strategic nature of the technology is 
forcing a major rethink about the traditional role and perspective amongst management 
accountants. 
In the same way as integrating technologies require closer functional integration, so they imply 
shorter hierarchies and greater vertical integration in the organisation structure. In order to 
exploit the full benefits of a rapidly responsive and flexible system it is necessary to create a 
managerial decision-making structure which is closely involved with the shop floor and which 
has a high degree of delegated autonomy. In this connection it is clear that the pattern of 
devolution in the use of FMS and in the wider factory context is much more developed in 
Sweden than in the UK, with few levels in the operational and decision-making hierarchy and 
with considerable lesponsibility passed through to the operators themselves. 
Integration also has significant implications for the pattern of work organisation. With greater 
reliance on a small group of workers and managers comes the need to look for models of 
production organisation which have less to do with task fragmentation . division of labour and 
control by external regulatory systems of sanctions and rewards and to evolve alternatives 
based on small autonomous working groups, with high flexibility and internal control. These 
moves which, it should be stressed were not observed in all the plants visited, can be seen as 
attempts to move towards more appropriate form of manufacturing organisation to support 
highly integrated technology. Whereas 'traditional' production organisation often stresses 
factors like functional specialisation, division of labour, procedural control and other 
components of what Burns and stalker(l6) called 'mechanistic' organisation, it can be argued 
that more 'organic' forms which stress integration and more flexible controls will increasingly 
be required. 
New form8 o f  organlrat lon and management? 
The prescription for CIM appears to require the presence of an integrated organisation. It is 
important to recognise that this challenges many of the basic assumptions about the way in 
which manufacturing is organised and managed. The traditional model with which most 
~ndustrial managers are familiar derives from the ideas of men like Frederick Taylor and Henry 
Ford. At the time they were working their approach - based on the principles of scientific 
management - was highly effective. (It is instructive to remember, in these days of discussion 
about lead time reduction and just-in-time production - that Ford's plants were reputed to be 
able to produce a complete Model T from raw iron ore in five days). 
The basic pattern can be summarised in the following table, In which the Ford/Taylor approach 
is contrasted w~ th  the kinds of model which may be more appropriate for supporting CIM. 
Tabla 3 The FordlTaylor Approach and the CIM Approach 
F o r d l T a y l o r  CIM 
Production in high volume, low variety Production of small batch, customer 
specific products 
Dedicated production process 
High division between skill levels leading 
to a tall vertical organisational structure 
Individual repetitions task emphasising 
horizontal differentiation 
Reward structure'based on individual 
performance 
Flexible production process 
Increasing integration between skill levels. 
leading to a flatter vertical structure 
Increased integration horizontally, with 
semi autonomous work groups 
Reward structure based on group performance 
Tight supervision Su~ervisor viewed as a resource 
Mechrn l r rnr  whereby Integration can be rch leved 
The preceding discussion - and much of the research work which has so far been carried out 
in the area - has highlighted the need for simultaneous technological and organisational 
change. This requirement is not surprising since in its original definition 'technology' makes 
no differentiation between hardware and the organisation of production - it is defined as ' 
the useful; arls or science of production'. Thus we should recognise its multi-dimensional 
nature and ensure that ~mplementation of change reflects this breadth. 
That said, there is a challenge to identify both the nature and direction of changes required 
and the mechanisms whereby they can be implemented in firms moving towards CIM. As we 
can see from Table 3. CIM cuts across traditionally recognised and accepted functional and 
hierarchical organisational divides. Thus in order to gain successful results from CIM 
applications, some corresponding integration of the organisation needs to take place. For 
example, in a recent survey of CADICAM users, Voss found that those organisations 
acheiving either business or systems success had undergone some form of organisational 
integration . ( I  7, 
As child('') points out, there are a number of potential alternat~ve mechanisms, whereby 
integration of the technology, strategy and structures of organisations can be acheived. 
Inevitably there is no one 'best' solution for how to integrate an organisation, since each 
organisation has its own history and set of characteristics which shape the choices and 
constraints influencing its integration strategy. 
Structural reorganisation is often seen as an essential key to the success of an integrated 
system. Various methods for integrating the organisational structure have been developed 
by both organisational development consultants and academics. One such form of 
organisational integration is that of Matrix Management. In a Matrix structure groups 
representing different functional disciplines are brought together on a team basis, usually to 
tackle a specific project. The physical integration of the group, that is the combination of 
different functions such as engineers, designers and marketing people, combined with its 
geographical integration (usually in the same location), fosters team spirit. That the group 
is also directed to acheiving one agreed goal appears to pay off in terms of tangible benefits, 
such as reduced lead time, design for manufacture etc. As Voss discusses, although usually 
a short-term, project specific approach a Matrix structure can be a permanent 
arrangement, enabling multi-functional teams to work. 
To paint a glowing picture of the Matrix Management structure may however be misleading. 
Certainly it does have advantages in terms of maximising communication between functions 
on specific projects, but it also has drawbacks. One problem often confronted is what might 
be termed, the 'servant of two mastersm issue, ie, where an individual is part of a project 
team but also part of a functional department. Potential conflict exists, for example where 
commitment to a project may be seen to detract from career progression within the 
functional department. It is therefore essential to ensure clearly defined authority lines and 
maintenance of professional links, for example through frequent meetings or circulation of 
professional magazines. 
Although a Matrix approach can be seen as a way of integrating the organisation. the 
structure means that the original functional labels are maintained. Thus the extent to which 
radical integration using this form of organisiation can take place is questionable. It can be 
argued that Matrix Management in fact only represents partial integration whereas 
integrating technologies are revolutionary and therefore demand more radical functional 
change. 
Restructuring the organisation in such a radical way may work within a small, organic 
organisation, but as Child suggests, for larger, relatively mechanistic organisations such a 
change, or simplification of structure may not be as easy to acheive. Winstanley et al, in a 
study of CAD users found that "a number of companies in the sample were having to struggle 
with inappropriate and outdated organisational hierarchies wh~ch were impossible to use 
effectively".( '  9, In several cases this had led to the design functions being hived off 
allowing a simplification of the structure enabling the function to respond more effectively 
to the demands of the new system. This may also be seen as a way of defusing the political 
resistance to integration another point which was highlighted by Ch~ld. 
The emphasis of these studies is that integrated technologies require a simplification of 
structure along horizontal levels, ie between functions, to enable fuller integration. The 
need for similar simplification of the organisational structure on the vertical axis. is given 
weight by a study of Swedish firms successfully employing FMS (20). It was noted that 
organisational structures in Sweden are considerably flatter than their equivalent in the UK 
(3-4 levels in Sweden compared with 6-10 levels in the UK). Haywood asserts that this 
structural organisation has significant implications for the organisation, increasing 
communication and enabling managers within the organisation to have a greater overall 
knowledge of the business as a whole. This increase in integration appears to reduce the 
progress chasing role of middle management although it represents a potential threat, in 
some cases by making this level of management redundant. 
Research evidence also suggests that organisations may have to undertake changes in 
organisational roles and skills in order to acheive further integration. In a study currently 
being undertaken by Winstanley e l  al, the introduction of new integrative technology for 
CAD users, has implications for the role of the draughtsperson. This task can now be 
undertaken by a design engineer, but this often means a change from the multi-functional 
engineer who might operate within a matrix strucure to the multi-disciplinary engineer. 
Thus the engineer instead of being a development engineer or a designer may carry out both 
tasks and perhaps work directly on a CAD. 
Interestingly. Haywood also quotes from Swedish managers who suggest that the traditional 
deliniation between blue collar and white collar staff may be weakening. Computer driven 
companies may cause white collar stafl to become more involved with shopfloor work and 
conversly the new integrated technologies may cause shopfloor workers to do more indirect 
work 
'We would rather get the person with the machine or manufacturing knowledge to acquire 
computer or electronic skills rather than get the academically more qualified to acquire 
machining knowledge, since it generally takes much longer to acquire machining sk i l l~ ' (2~ ) 
We have already indicated the need for higher levels and greter breadth of skills required by 
organisations implernent~ng CIM applications. For example, as Haywood cites, Swedish 
companies adopting FMS increased their graduate level from 3% in 1981 to 10% in 1986. 
Moreover these graduates were spread across functions in the organisation rather than 
being in the traditionally accepted positions such as RBD or production engineering. 
The changing skills requirements for craft skilled workers are shown in research work by 
both and ~ l e c k ( ~ ~ ) .  The latter makes the point that robotics encompass a range of 
different skills such as electrical, electronic, mechanical and hydraulic and programming 
skills which cut across traditional craft boundaries. This has implications for trade unions 
In terms of membership strategies which have been discussed elsewhere (for example, by 
Helen Rainbird (24). It also poses problems of demarcation disputes. For example. Clegg et 
al report on considerable delays in implementing a flexible manufacturing system arising out 
of a dispute between unions as to the location of responsibility for programming the system. 
With the increased use of CNC machines, for example, the emphasis changes for the 
operator from the manufacturing task to tasks associated with programming and maintaining 
equipment. As Burns (25) asserts, workers without relevant skills can cause expensrve 
down time and repairs. Integrated technology is requiring employees to move beyond narrow 
job definitions and functional barriers. With the implication that each worker will be 
responsible for more jobs1 machines. The advantages to the organisation are that it should 
increase integration, more people will know what is going on and delays in the downtime of 
machinery will be reduced but such shifts in the skill profile of firms will require extensive 
investment in a programme of training and retraining for its employees. 
However, t h ~ s  shifl in training emphasis may prove difficult to achieve in the current 
climate of retrenchment, where training needs have been increasingly met by consultancies. 
or have been sold as part of the package for a manufacturer's explanation of how the 
machine works. In future internal training may well become a key mechanism for ensuring 
full organisational integration. For example, Senker and Beesley (26) show in their study 
of Computer Assisted Production Manufacturing implementation, that clearly defined 
organisational goals with respect to the new technology, and the users knowledge of these 
overall alms, made for successful systems. 
Further integrating strategies for the implementation of of the technologies may come from 
new methods of working approaches like just-in-time and Total Quality Control. For 
example there is growing appreciation of their applicability within CIM systems. (27) As 
Schonberger (28) suggests, such approaches enable the worker to become more conscious of 
hislher own work and to understand the whole system of organisation and production and 
hislher own pan within it. Thus the system is philosophically a more integrative one, 
although in practice it needs to be combined with the removal of restrictive practices. 
So far we have discussed various strategies which potentially could be employed for 
increasing integration throughout the organisation. In addition we have to consider the ways 
in which an organisation can best introduce new technologies and work practices. Webb and 
Jones (29) looked at two very different approaches to the installation of CIM equipment and 
its associated organisational structures. In the company which successfully implemented it 
the technology was well discussed and explained. The technological integration and its 
accompanying organisational changes were accepted and built upon and the ownership of the 
system had extended across the the organisation. Participation in the introduction and 
implementation of the system has been evident at each stage, and consistent with 
participative design approaches of the kind championed by Mumford. (30) 
It would appear vital when implementing integrated technologies of any form, that the 
organisation has an understanding of the process and reasons behind the integration thrust. 
This understanding will perhaps more readily allow organisations to adapt their structure. 
create an atmosphere of functional change and skill change, which should in turn lead to 
better use being made of the systems employed by the organisation. 
C o n c l u r l o n r  
Concern is growing that despite the availability of powerful advanced manufacturing 
technologies, productivity growth is slowing down in many advanced industrial nations. One 
possibility which may help to account for this is that the problem lies not so much in the level 
of investment as in the way in which that investment is used. This places emphasis on issues of 
implementation rather than simply of adoption and diffusion of technology. 
This brief review of literature and recent empirical research suggests that getting the best out 
of advanced manufacturing technology may require extensive organisational adaptation. The 
basic thrust of such change is towards higher levels of integration - although it is important not 
to neglect the increased opportunities for differentiation within such a framework which 
provide considerable flexibility to organisational structures and functions. 
We would argue that the discussion and research agenda now needs to move on from describing 
the problem and its symptoms to exploring mechanisms for for solving them. It is unlikely 
thast there will be a single 'best' solution for all f i n s  but rather a range of a p p r o a c h  for 
roganisational change and development. Important blueprints can be found in the philosophies of 
'just-in-time' manufacturing and in 'total quality control', both of which emphasis0 mobilising 
the entire workforce within a non-traditional framework of structure and operation. But other 
options remain to be identified andlor developed if the full benefits of integrated manufacturing 
are to be realised. 
The research on which this paper is based draws on projects supported by the SERCtESRC Joint 
Committee and the ACME Directorate of the SERC, and their assistance is gratefully 
acknowledged. 
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Problems and Prospects for Effective Plant 
Modernization in U.S. Manufacturing 
Recently Caterpillar. Inc. announced a seven year Plant with a Future 
(PwAF) program that'will cost the company $1 Billion that could payback $1.58 
Billion by 1991 (Giesen. 1988. p. 4). The program focuses on upgrading 88 of 
the most critical manufacturing operations within Caterpillar. and was origi- 
nally planned for five years. 
Caterpillar is not alone in its quest for viable manufacturing capacity. 
Caterpillar plans to hire 600 engineering and other technical professionals 
this year in order to implement the program, and at least one estimate indi- 
cates that 40.000 new manufacturing engineers will be required nationwide to 
satisfy the human resource needs for modernization in the United States. 
Managing this extraordinary investment in manufacturing technology is no 
small challenge. A number of investigators have begun to add to our knowledge 
about manufacturing innovation uniquely, in the same way that there was a 
surge of interest in R&D management in the 1960's and 1970's. Most have con- 
cluded that it is the management of these new, integrated manufacturing tech- 
nologies that will make the difference. not the new technologies per se. 
Technology is a business. It is a business to those that supply the new proc- 
esses and computer-driven technolugies and it is a business to those that 
apply it. These technologies would not be successfully sold or installed if 
they did not make a difference. 
Effective management of new plant modernization programs is not something 
that can be taken off-the-shelf and applied piecemeal to these advanced man- 
ufacturing technologies. In this paper, we sumnarize some of the problems and 
prospects of managing this new generation of technologies in U.S. manufactur- 
ing plants based on a four-year study of modernization. 
Plant Modernization Study 
During the period 1983-1987 ve conducted a two-part study of domestic 
plant modernization. The first phase of this project was a retrospective 
examination of 61 cases of robotic and PHS supply and implementation which we 
used to focus the second. more intensive study of plant modernization. This 
second phase involved random sample data collection in a total of 51 plants 
upgrading their production processes to become more flexible and integrated. 
A summary of the results of the second phase of the project is presented here 
and the final report on the project (Ettlie, 1988a) is available from the 
author. 
Significant Problems During Modernization 
We asked respondents installing significant new processing technologies 
in the durable goods manufacturing industries what their most significant 
problem was. The results for the first and third panel data collection are 
presented in Table 1 below. Note that there is remarkable consistency over 
this two year period and three data collection panels. Respondents continue 
to name manufacturing software and programing as the most significant problem 
during implementation of advanced, flexible integrated, manufacturing technol- 
ogy. We have devoted an entire chapter to +his problem in our final report 
and have started a research program on this issue as a result of these find- 
ings. In general, we have data that suggests that modernization teams have 
great difficulty translating their needs into the specific system and there- 
fore. software requirements in manufacturing. Often, significant development 
tasks are delayed into the software maintenance period on these large moderni- 
zation projects. 
TABLE 1: Significant Problems During Modernization 
Which of the following have been major (show stopper) problems7 
Most Important problems 
N ( 2 )  
1984-85 
a. 2 (5.1) 
b. 13 (33.3) 
C. - - 
d. 3 (7.7) 
e. - - 
f. l ( 2 . 6 )  
g. - - 
h. - - 
i. 2 (5.1) 
j. - - 
Assignment of personnel 
Software. programing 
Employee participation lacking 
Integration of parts of the system 
Training 
Integration with plant workflow 
Goal not understood 
Measurement 
Design flaws 
Lack of management support (specify 
mgmt. level ) 
Insufficient in-process sensing 
Parts planned for system no longer 
needed 
Design Engineering. new product 
development and manufacturing don't 
coordinate 
n. 1 (2.6) 1 (2.6) We expected a turnkey system 
0. 11 (28.2) 13 (33.3) Other (Please name 1 
4 (10.2) missing 5 (12.9) missing 
Total 39 3 9 
*Third panel data collection includes 12 replacement cases for attrition. 
Synchronous Innovation 
Our most significant findings on the project support the general thesis 
that in order to be- successful, modernizing firms must match their new prod- 
ucts and processing technologies with innovative administrative practices. 
These administrative experiments tend to fall into one of four categories: 
1. Changes in Organization Structure. Most involve significant del- 
egation of authority and power sharing with lower organizational levels. 
including blue collar employees. 
2. Closer coordination between design and manufacturing. The most im- 
portant new behaviors here involve adoption of design for manufacture tech- 
niques and movement of personnel across this organizational boundary. In 
earlier panels of data collection, we also found that compatible CAD systems 
for design and manufacturing engineering were essential predictors of success. 
3. Integration with components suppliers. We found that modernization 
programs that included JIT purchasing and manufacturing as well as new sup- 
plier arrangements were best. 
4. Closer coordination with customers during modernization. As might be 
expected, firms that take customers into account by integrating new processes 
with JIT delivery, and marketing strategy were more successful. However, this 
area remalns the most significant. persistent challenge for modernization, and 
timing of customer involvement is crucial. 
Unique Outcomes of Integration Efforts 
As one might expect, no one firm does everything right when modernizing. 
However, good practices, defined as having a positive impact on some measura- 
ble outcome, do correlate with performance measures uniquely, when viewed from 
the administrative innovative perspective on integrating dimensions. 
In Table 2, we sumnarize these unique outcomes of novel administrative 
practice for modernization. In general, those novel integrating practices 
used for new technology deployment and targeted on internal functions, i.e., 
changing structure and design-manufacturing relationships. impact system 
focused performance measures. This included throughput time reduction and 
two-shift utilization, respectively. Those practices targeted at context-- 
suppliers and customers tend to impact measures at the boundary of the busi- 
ness unit, i.e.. achieved cycle times. scrap and rework reduction for supplied 
parts. and changeover time for customers. However, we found plants reported 
longer implementation times when customers were more involved. Overall, firms 
reported more than 302 quality improvement over existing plant levels with 
these new technology systems. 
Perhaps the most important finding we have to report is that the more 
challenging the new technology to a business unit, the more creative it must 
be in adopting administrative experiments to successfully install, utilize. 
and learn from the modernization experience. 
Prospects for Effective Plant Modernization 
Where does the U.S. stand in manufacturing and modernization? It is fair 
to say that we have made significant progress in the last five years, but we 
have a substantial challenge yet to face in this area. Utilization rates have 
generally increased by about It per year since 1969 to average about 722 (two- 
shift). Systems generally run about 652 utilization untended, yet many firms 
here and abroad achieve 852 utilization rates. 
Quality perceptions and internal measures for many significant product 
groups still favor foreign competitors. Market share and job losses continue 
to be a persistent concern of I~erican manufacturing managers. Downsizing 
operations by as much as 352 in some industries is an unfortunate 

preoccupation. Yet. part of being successful is to learn from experience. and 
this experience base is growing. U.S. manufacturing organizations that emerge 
from this experienc-e will no doubt look quite different and have much differ- 
ent philosophies if they survive into the next century. We are just beginning 
to see the emergence of these philosophies. 
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